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0O UIF QIZTJDP�DIFNJDBM QSPQFSUJFT PG TPGUXPPE IFNJDFMMVMPTF BOE DPNQPVOET EFSJWFE GSPN JU�

"CTUSBDU

)FNJDFMMVMPTF JT UIF TFDPOE MBSHFTU QPMZTBDDIBSJEF HSPVQ BWBJMBCMF JO OBUVSF BGUFS DFMMVMPTF� )FNJDFMMVMPTF JT
QSFTFOU JO QMBOU DFMM XBMMT BMPOH XJUI DFMMVMPTF BOE MJHOJO� *U JT BO BCVOEBOU BOE CJPEFHSBEBCMF NBUFSJBM UIBU DPVME
QPUFOUJBMMZ SFQMBDF GPTTJM�CBTFE QSPEVDUT� ɨF GPDVT PG UIJT UIFTJT JT UIF QSPQFSUJFT BOE WBMPSJ[BUJPO PG TPGUXPPE
IFNJDFMMVMPTF 	HBMBDUPHMVDPNBOOBO
�
*O UIF mSTU QBSU PG UIF UIFTJT
 UIF OBUVSF PG UIF JOUFSBDUJPOT CFUXFFO IFNJDFMMVMPTF BOE DFMMVMPTF XBT JOWFTUJHBUFE�
ɨF BETPSQUJPO TUVEJFT PG TFWFSBM UZQFT PG IFNJDFMMVMPTFT UP DFMMVMPTF NPEFM TVSGBDFT XFSF QFSGPSNFE VTJOH FMMJQ�
TPNFUSZ
 2$.�% BOE OFVUSPO SFnFDUPNFUSZ� ɨF SFTVMUT TIPXFE UIBU UIF CJOEJOH CFUXFFO IFNJDFMMVMPTF BOE
DFMMVMPTF JOWPMWFT TQFDJmD JOUFSBDUJPOT GBDJMJUBUFE CZ TJNJMBSJUZ JO UIF CBDLCPOF VOJU DPOGPSNBUJPO� ɨF BETPSQUJPO
TIPXFE UIF NPMFDVMBS XFJHIU EFQFOEFODZ XJUI UIF MBSHFTU BETPSCFE BNPVOU PCUBJOFE GPS B IFNJDFMMVMPTF XJUI UIF
MBSHFTU NPMFDVMBS XFJHIU BU B MPX DPODFOUSBUJPO SFHJNF� ɨF PQQPTJUF USFOE XBT PCTFSWFE BU IJHIFS DPODFOUSBUJPOT�
/FVUSPO SFnFDUPNFUSZ SFTVMUT EFNPOTUSBUFE UIBU MPXFS NPMFDVMBS XFJHIU IFNJDFMMVMPTF TBNQMFT XJUI IJHIFS nFY�
JCJMJUZ XFSF BCMF UP NPSF FYUFOTJWFMZ EJĊVTF JOUP UIF BNPSQIPVT QBSUT PG UIF DFMMVMPTF MBZFS�
*O UIF TFDPOE QBSU PG UIJT XPSL
 UIF QSPQFSUJFT PG WBSJPVT IFNJDFMMVMPTF�CBTFE DPMMPJEBM TZTUFNT XFSF FWBMVBUFE�
4PGUXPPE IFNJDFMMVMPTF FYUSBDU QSPWJEFE FYDFMMFOU TUBCJMJ[JOH FĊFDU UP MJQJE MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT�
ɨFTF OBOPQBSUJDMFT TIPXFE IJHI DPMMPJEBM TUBCJMJUZ PWFS UIF QFSJPE PG BU MFBTU �� EBZT XJUI OP NBKPS DIBOHFT JO
UIF IZESPEZOBNJD EJBNFUFS BOE UIF QPMZEJTQFSTJUZ JOEFY�
*ODMVTJPO PG NBOOBOT EFSJWFE GSPN IFNJDFMMVMPTF JO UIF TUSVDUVSF PG UIFSNPSFTQPOTJWF /*1"N�CBTFE DPQPMZNFST
TIJGUFE UIF USBOTJUJPO UFNQFSBUVSF UP IJHIFS WBMVFT� .BOOBO TJEF HSPVQT XFSF IFSF TVHHFTUFE UP DSFBUF B IZESP�
QIJMJD TIFMM BSPVOE UIF IZESPQIPCJD QBSUJDMF UIBU QSPWJEFE B TUBCJMJ[JOH FĊFDU BU UIF FMFWBUFE UFNQFSBUVSFT VQ UP
��◦$�
'JOBMMZ
 UIF IFNJDFMMVMPTF�CBTFE TVSGBDUBOU NJYUVSF EFNPOTUSBUFE TVSGBDF BDUJWF QSPQFSUJFT XJUI GPSNBUJPO PG UXP
TFQBSBUF LJOET PG NJDFMMFT BT FWJEFODFE CZ UIF UXP JOnFDUJPO QPJOUT JO UIF TVSGBDF UFOTJPO DVSWF�

,FZ XPSET

)FNJDFMMVMPTF
 HBMBDUPHMVDPNBOOBO
 DFMMVMPTF mMNT
 BMLZM HMZDPTJEFT
 UIFSNP�SFTQPOTJWF DPQPMZNFST
 HMZDPQPMZ�
NFST
 DVCJD QIBTF OBOPQBSUJDMFT
 OFVUSPO SFnFDUPNFUSZ
 TNBMM BOHMF Y�SBZ TDBUUFSJOH
 BETPSQUJPO�

$MBTTJmDBUJPO TZTUFN BOE�PS JOEFY UFSNT 	JG BOZ
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4FDVSJUZ DMBTTJmDBUJPO

*
 UIF VOEFSTJHOFE
 CFJOH UIF DPQZSJHIU PXOFS PG UIF BCTUSBDU PG UIF BCPWF�NFOUJPOFE EJTTFSUBUJPO
 IFSFCZ HSBOU UP
BMM SFGFSFODF TPVSDFT UIF QFSNJTTJPO UP QVCMJTI BOE EJTTFNJOBUF UIF BCTUSBDU PG UIF BCPWF�NFOUJPOFE EJTTFSUBUJPO�
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ɨJT EPDUPSBM UIFTJT JT DPOTUSVDUFE BT B TVNNBSZ PG SFTFBSDI QBQFST BOE DPOTJTUT PG
UXP QBSUT� "O JOUSPEVDUPSZ UFYU QVUT UIF SFTFBSDI XPSL JOUP DPOUFYU BOE TVNNBS�
J[FT UIF NBJO DPODMVTJPOT PG UIF QBQFST� ɨFO
 UIF SFTFBSDI QVCMJDBUJPOT UIFNTFMWFT
BSF SFQSPEVDFE� ɨF SFTFBSDI QBQFST NBZ FJUIFS IBWF CFFO BMSFBEZ QVCMJTIFE PS BSF
NBOVTDSJQUT BU WBSJPVT TUBHFT�
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��� 4VSGBDF UFDIOJRVFT � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 4DBUUFSJOH UFDIOJRVFT � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $SZPHFOJD 5SBOTNJTTJPO &MFDUSPO .JDSPTDPQZ 	DSZP�5&.
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� *OUFSBDUJPOT CFUXFFO IFNJDFMMVMPTF BOE DFMMVMPTF ��

��� 0O UIF JOUFSBDUJPOT PG TPGUXPPE IFNJDFMMVMPTF XJUI DFMMVMPTF TVSGBDFT
JO SFMBUJPO UP NPMFDVMBS TUSVDUVSF BOE QIZTJDPDIFNJDBM QSPQFSUJFT PG
IFNJDFMMVMPTF � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )FNJDFMMVMPTF BETPSQUJPO UP DFMMVMPTF TVSGBDFT JO SFMBUJPO UP DFMMVMPTF
mMN DSZTUBMMJOJUZ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 1IZTJDP�DIFNJDBM QSPQFSUJFT PG DPNQPVOET EFSJWFE GSPN IFNJDFMMVMPTF ��

��� #JDPOUJOVPVT DVCJD MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT TUBCJMJTFE
CZ TPGUXPPE IFNJDFMMVMPTF � � � � � � � � � � � � � � � � � � � � � � ��
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� &QJMPHVF ��

4DJFOUJmD 1VCMJDBUJPOT ��

1BQFS Ě� 0O UIF JOUFSBDUJPO PG TPGUXPPE IFNJDFMMVMPTF XJUI DFMMVMPTF TVS�
GBDFT JO SFMBUJPO UP NPMFDVMBS TUSVDUVSF BOE QIZTJDPDIFNJDBM QSPQFS�
UJFT PG IFNJDFMMVMPTF � � � � � � � � � � � � � � � � � � � � � � � � � ��

1BQFS ĚĚ� "ETPSQUJPO PG IFNJDFMMVMPTF UP DFMMVMPTF mMNT BOE DFMMVMPTF DSZT�
UBMMJOJUZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

1BQFS ĚĚĚ� #JDPOUJOVPVT DVCJD MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT TUBCJM�
J[FE CZ TPGUXPPE IFNJDFMMVMPTF � � � � � � � � � � � � � � � � � � � ���

1BQFS Ěħ� ɨFSNPSFTQPOTJWF HMZDPQPMZNFST CBTFE PO1�JTPQSPQZM BDSZMBN�
JEF BOE FO[ZNBUJDBMMZ TZOUIFTJ[FE β�NBOOPTZM BDSZMBUFT � � � � � � � ���
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"DLOPXMFEHNFOUT

* XPVME MJLF UP TUBSU NZ BDLOPXMFEHNFOUT XJUI .BSJUÏ
 4FMNB BOE 5BOJB XIP
JOUSPEVDFE UIF XPSME PG MJQJET BOE OFVUSPOT UP NF BOE UIVT TQBSLFE NZ JOUFSFTU
UPXBSET QIZTJDBM DIFNJTUSZ� "MTP ZPV TIPXFE NF IPX NVDI GVO TDJFODF DBO CF�

5PNNZ
 NZ EFBS TVQFSWJTPS 	PS NPSF MJLF B TDJFOUJmD GBUIFS

 * GFFM FYUSFNFMZ
MVDLZ UP IBWF EPOF NZ 1I% VOEFS ZPVS TVQFSWJTJPO� "OE OPU KVTU CFDBVTF ZPV LOPX
BMM UIF CFTU QMBDFT GPS XJOJOH BOE EJOJOH 	BMUIPVHI JU EJE JNQSPWF UIF RVBMJUZ PG
PVS CFBN UJNFT TJHOJmDBOUMZ
 CVU CFDBVTF * MFBSOU TP NVDI GSPN ZPV� ɨF XBZ ZPV
BMXBZT IBE BOTXFST GPS FWFSZ POF PG NZ RVFTUJPOT FWFO JG UIFZ TFFNFE JNQPTTJCMF UP
BOTXFS� ɨBU BOE ZPVS OFWFS CSFBLJOH QPTJUJWF BUUJUVEF
 * XJMM EFmOJUFMZ NJTT B MPU�

* BN BMTP HSBUFGVM UP )FOSJL
 NZ TFDPOE TVQFSWJTPS
 GPS UIF TDJFOUJmD TVQQPSU

BEWJDF
 BT XFMM BT GVO BOE DSFBUJWF NFFUJOHT XJUI HPEJT�

ɨBOLT UP BMM PG UIF QFPQMF GSPN #JPDIFNJTUSZ 	"OOB
 +PIBO
 7JLUPSJB
 "C�
IJTIFL
 .BUIJBT BOE 4BNVFM
 GPS IFMQJOH NF XJUI BMM PG UIF BOBMZTFT * OFFEFE BOE
BOTXFSJOH NZ TUVQJE RVFTUJPOT BCPVU FO[ZNFT�

* BN IBQQZ UP IBWF XPSLFE XJUI TVDI BO BNB[JOH NVMUJEJTDJQMJOBSZ HSPVQ �
UIF #*0'6/$ HBOH� "OE * BN FTQFDJBMMZ HSBUFGVM UP .POJDB BOE #BTFM GPS GVO
DPMMBCPSBUJPO�

%BWJE BOE (SFHPS * FOKPZFE XPSLJOH XJUI ZPV BOE * BN IBQQZ UIBU CSJOHJOH
PVS NJOET UPHFUIFS MFBE UP TPNFUIJOH HPPE�

* BN FYUSFNFMZ HSBUFGVM UP BMM PG UIF JOTUSVNFOU TDJFOUJTUT 	'SBOL )FJOSJDI

#SJBO .BSBOWJMMF
 $ISJTUZ ,JOBOF
 "OESFX $BSVBOB
 4UFQIFO )PMU
 GPS ZPVS
FOPSNPVT QBUJFODF BOE FOFSHZ� ɨBOLT GPS BMXBZT CFMJFWJOH JO NZ FYQFSJNFOUT BOE
DIFDLJOH JO FWFO JG ZPV IBE JOGBOUT UP UBLF DBSF PG�

ɨFSF BSF GFX PUIFS QFPQMF UIBU TUSVHHMFE BMPOH XJUI NF EVSJOH NZ CFBN
UJNFT � (VOOBS
 "MFYFJ
 +PIBO BOE +FO� ɨBOLT UP BMM PG ZPV GPS TVQQPSUJOH NF CPUI
TDJFOUJmDBMMZ BOE NFOUBMMZ� .Z CFBN UJNFT XFSF BMXBZT DIBMMFOHJOH
 CVU IBWJOH ZPV
TVĊFSJOH CZ NZ TJEF
 NBEF JU NVDI NPSF CFBSBCMF�

ɨBOLT UP BMM PG UIF PUIFS QFPQMF UIBU IBWF IFMQFE NF XJUI UBDLMJOH BU MFBTU
TPNF PG UIF DIBMMFOHFT * IBWF GBDFE EVSJOH UIJT UJNF 	$FESJD %JDLP
 $ISJT (BSWFZ
BOE +PTÒ $BNQPT
�

W



"OE OPX DPNFT UIF NPTU EJċDVMU QBSU UP TVNNBSJ[F JO B GFX MJOFT
 UIF XIPMF
GBNJMZ PG GLFN� ɨF CJHHFTU UIBOLT HPFT UP )FMFOB 1FSTTPO
 .BSJB 4ÚEFSHSFO BOE
.BSJB -ÚWHSFO GPS IFMQJOH XJUI BMM PG UIF UIJOHT * OFFEFE IFMQ XJUI� "OE
 PG DPVSTF

NZ QFSTPOBM IFSP
 $ISJT 8BSE
 UIF SFBTPO XIZ * GFFM DPOmEFOU JO BEKVTUJOH BMM UIF
MJUUMF TDSFXT JO UIF FMMJQTPNFUFS� ɨBOLT GPS BMM PG UIF GVO UJNFT XF TQFOU USZJOH UP
mHVSF PVU 3VEPMQI �
 * XJMM BMXBZT SFNFNCFS UIF JOWFOUJPO PG UIF EPOVU�

ɨBOLT UP UIF QFPQMF UIBU NBEF ,$ NZ IPNF XIFO * BSSJWFE � .BSJB
 7JDLZ

-VJHJ
 +BTQFS
 ɨJBHP
 .BYJNF
 .BSUB
 "YFM
 +PÍP
 +PIBO
 -JOEB
 %PSB BOE +VOIBP�

.BSJB
 ZPV EFTFSWF B TFQBSBUF UIBOL ZPV GPS TIPXJOH NF UIF XBZT PG TDJFODF�
* BN FYUSFNFMZ HSBUFGVM UP ZPV GPS CFJOH UIFSF GPS NF GSPN XFMDPNJOH NF PO NZ mSTU
EBZ UP SFBEJOH NZ UIFTJT�

/PX HPFT UIF TFDPOE HFOFSBUJPO PG UIF BXFTPNF QFPQMF BU ,$� * XBT FYUSFNFMZ
MVDLZ XJUI UIF BSSJWBM PG "MFYJT
 +FO BOE .BSDP JO NZ PċDF� ɨBOLT GPS BMM PG UIF
GVO
 XFJSE
 TFSJPVT BOE DSB[Z NPNFOUT XF IBE� ɨBOLT GPS CFBSJOH NF JO BMM PG NZ
HSVNQZ NPNFOUT
 BOE * EPO�U POMZ NFBO UIF FOE PG NZ 1I% TUVEJFT� ɨBOLT UP
#FO GPS UIF FUFSOBMMZ XBSN BUUJUVEF BOE GPS OFWFS SFGVTJOH XIFOFWFS * OFFEFE IFMQ

FTQFDJBMMZ BU UIF FOE PG JU�

"OE
 PG DPVSTF
 UIBOLT UP BMM PG UIF PUIFS GLFN QFPQMF GPS NBLJOH JU B MPWFMZ
QMBDF UP SFUVSO UP FWFSZ EBZ�

.Z EFBS GBNJMZ
 UIFSF BSF OPU FOPVHI XPSET UP FYQSFTT IPX HSBUFGVM * BN UP
BMM PG ZPV 	.PN
 EBE BOE ,TFOJKB
� .PN BOE EBE GPS BMXBZT CFMJFWJOH JO NF BOE
HJWJOH FWFSZUIJOH ZPV IBWF UP NBLF NF IBQQZ� ,TFOJKB
 GPS CFJOH NZ CJH SPMF NPEFM
BOE NPTUMZ GPS JOTQJSJOH NF UP OPU MJWF JO B QMBDF BT GBS BT $IJOB�

.Z EFBS BVOU 5BNBSB BOE VODMF 1KPUS� * XPVME OPU IBWF CFFO XSJUJOH UIJT
 JG
JU XFSFO�U GPS ZPV� :PV CFMJFWFE JO NF XIFO * EFDJEFE UP mOJTI NZ TUVEJFT JO 4XFEFO
BOE HP GPS B 1I%� * XJMM CF GPSFWFS HSBUFGVM UP ZPV GPS HJWJOH NF UIJT PQQPSUVOJUZ BOE
GPS CFJOH DVSJPVT BCPVU UIF CPSJOH TDJFODF * XBT JOWPMWFE JO�

4BIJM
 ZPV BSF UIF MBTU POF * XJMM NFOUJPO CFDBVTF ZPV IBWF TVĊFSFE UIF NPTU�
ɨF DPPLJOH
 UIF DMFBOJOH
 UIF NPUJWBUJPOBM TQFFDIFT
 SBUJPOBMJ[JOH NZ MJGF DIPJDFT
JO UIF NJEEMF PG UIF OJHIU� :PV IBWF EPOF JU BMM BOE NPSF� ɨBOLT GPS ZPVS QBUJFODF
BOE UIF NPUJWBUJOH QPXFS�

WJ



1PQVMBS 4DJFODF 4VNNBSZ

4VHBS � B NFEJDJOF CPUI GPS PVS TPVM BOE QMBOFU

&WFSZ LJUDIFO JO UIF XPSME
 CF JU JO TVOOZ 1IJMBEFMQIJB
 GBJSZUBMF -BQMBOE PS
GBTIJPOBCMF 1BSJT
 DPOUBJOT B MJUUMF KBS PG TVHBS IJEEFO BU UIF CBDL PG UIF DVQCPBSE�
4VHBS JT UIF JOHSFEJFOU XF DBOOPU JNBHJOF PVS MJWFT XJUIPVU� 1BODBLFT GPS CSFBLGBTU 
$IPDPMBUF CBS XIFO ZPV BSF GFFMJOH EPXO &WFO JG ZPV BSF OPU B CJH GBO PG TXFFUT

B UFBTQPPO PG TVHBS JO B HSBWZ JT B HBNF DIBOHFS� "OE KVTU IPX TBUJTGZJOH JU JT UP
PCTFSWF UJOZ TVHBS DSZTUBMT EJTBQQFBSJOH JO B DVQ PG B XBSN UFB� 8FMM
 UIF NBJO SFBTPO
XIZ JU IBQQFOT JT CFDBVTF TVHBS JT B IZESPQIJMJD PS iXBUFS MPWJOHw NPMFDVMF� 0VS
SFHVMBS TVHBS
 TP�DBMMFE TVDSPTF
 JT B DBSCPIZESBUF DPOTJTUJOH PG UXP TJNQMF TVHBS
VOJUT� HMVDPTF BOE GSVDUPTF� "OPUIFS WFSZ XFMM LOPXO DBSCPIZESBUF NBEF PG HMVDPTF
JT DFMMVMPTF� $FMMVMPTF JT UIF NBJO DPNQPOFOU JO QBQFS
 DPUUPO LJUDIFO UPXFMT PS
XPPE UIBU UIF DVQCPBSE JT NBEF PG� )PXFWFS
 JG XF QVU B QJFDF PG QBQFS JO B DVQ PG
UFB
 JU EPFT OPU NBHJDBMMZ EJTBQQFBS BOE BMM XF BSF MFGU XJUI JT UIF SVJOFE UFB� 4P XIBU
JT JU UIBU NBLFT DFMMVMPTF TP EJĊFSFOU GSPN TVHBS 

$FMMVMPTF JT B QPMZTBDDIBSJEF GPVOE JO QMBOU DFMM XBMMT� *U DPOUBJOT VQ UP ��
���
DPOOFDUFE HMVDPTF VOJUT BT DPNQBSFE UP POMZ POF HMVDPTF JO UIF TVDSPTF NPMFDVMF�
ɨF NBJO GVODUJPO PG DFMMVMPTF JO DFMM XBMMT JT UP QSPWJEF NFDIBOJDBM TVQQPSU UP UIF
DFMM
 BT XFMM BT UP QSPUFDU JU GSPN EFGPSNBUJPO� *O PSEFS UP EP UIBU
 DFMMVMPTF DIBJOT
JOUFSBDU TUSPOHMZ XJUI FBDI PUIFS UP DSFBUF IJHIMZ PSEFSFE TIFFUT UIBU UIFO GPSN
mCSJMT BOE CVOEMFT PG mCSJMT VOUJM B SJHJE OFUXPSL JT CVJMU� #SFBLJOH BQBSU TVDI B SJHJE
OFUXPSL JT FYUSFNFMZ EJċDVMU
 OPOFUIFMFTT
 QPTTJCMF XJUI UIF SJHIU UPPMT� *O PSEFS UP
QSPEVDF PVS MJUUMF QJFDF PG QBQFS
 XPPE JT NFDIBOJDBMMZ BOE DIFNJDBMMZ QSPDFTTFE
UP TFQBSBUF MBSHF mCSFT
 BT XFMM BT UP QVSJGZ DFMMVMPTF GSPN PUIFS XPPE DPNQPOFOUT�
$FMMVMPTF DIBJOT
 IPXFWFS
 BSF OPU DPNQMFUFMZ EJTJOUFHSBUFE UP NBJOUBJO TUSPOH BOE
DPIFTJWF RVBMJUJFT JNQPSUBOU JO QBQFS QSPEVDUT�

"T ZPV NBZ IBWF OPUJDFE GSPN UIF UJUMF
 UIJT UIFTJT JT OPU BCPVU DFMMVMPTF
 PS
OPU FOUJSFMZ BCPVU DFMMVMPTF� 1MBOU DFMM XBMMT DPOUBJO BOPUIFS QPMZTBDDIBSJEF DBMMFE
IFNJDFMMVMPTF BOE BT PQQPTFE UP DFMMVMPTF
 JU JT B HSPVQ PG DBSCPIZESBUFT BOE NBZ
DPOUBJO TFWFSBM UZQFT PG TJNQMF TVHBS VOJUT TVDI BT NBOOPTF
 YZMPTF
 HMVDPTF
 HBMBDUPTF
BOE PUIFST� )FNJDFMMVMPTF PDDVST JOTJEF PS PO UIF TVSGBDF PG DFMMVMPTF NJDSPmCSJMT
HJWJOH UIF OFDFTTBSZ FMBTUJDJUZ BT XFMM BT BEEJUJPOBM TUSFOHUI UP UIF XBMMT� *O TPNF DFMMT

IFNJDFMMVMPTF JT FWFO TUPSFE BT BO FOFSHZ TPVSDF� )FNJDFMMVMPTFT BSF HFOFSBMMZ NVDI
TNBMMFS JO TJ[F UIBO DFMMVMPTF XIJDI NBLFT JU NPSF TPMVCMF JO XBUFS
 BMUIPVHI TPNF
QSFUSFBUNFOU JT PGUFO SFRVJSFE�
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ɨF BNPVOU PG IFNJDFMMVMPTF QSFTFOU JO TPNF UZQFT PG XPPE NBZ CF BT IJHI
BT �� %� .PSFPWFS
 XBUFS�TPMVCMF QPSUJPOT PG IFNJDFMMVMPTF FOE VQ EJTDBSEFE JO UIF
XBTUF TUSFBNT BGUFS XPPE QVMQJOH XIJDI NBLFT JU BO BCVOEBOU BOE VOEFSVUJMJ[FE
NBUFSJBM�

%VF UP JUT CJPEFHSBEBCMF OBUVSF BOE EJWFSTF TUSVDUVSF
 IFNJDFMMVMPTF QSFTFOUT B
QPUFOUJBM VTF JO B WBSJFUZ PG BQQMJDBUJPOT� 4JHOJmDBOU FĊPSU JT EFWPUFE UP DSFBUJOH
OPWFM IFNJDFMMVMPTF�CBTFE DPNQPOFOUT UP TVCTUJUVUF OPO�SFOFXBCMF GPTTJM�CBTFE POFT
UIBU OFHBUJWFMZ JNQBDU PVS QMBOFU� 5P BDIJFWF UIJT
 FWFSZ TUFQ PG UIF QSPDFTT IBT UP CF
PQUJNJ[FE
 TUBSUJOH GSPN UIF FYUSBDUJPO QSPDFEVSF UP PCUBJO UIF IJHIFTU QPTTJCMF QVSJUZ
BOE FOEJOH XJUI mOEJOH UIF SJHIU UPPMT UP UBJMPS UIF TUSVDUVSF BOE QSPQFSUJFT PG IFNJ�
DFMMVMPTF� *O UIJT UIFTJT
 UIF OBUVSF PG IFNJDFMMVMPTF JT TUVEJFE PO B NPMFDVMBS MFWFM

TQFDJmDBMMZ JO SFMBUJPO UP UIF JOUFSBDUJPOT XJUI DFMMVMPTF� *O BEEJUJPO
 TFWFSBM NBUFSJBMT
QSPEVDFE GSPN IFNJDFMMVMPTF BSF QSFTFOUFE UIBU DPVME QPUFOUJBMMZ CF VTFE JO IZ�
HJFOF QSPEVDUT BOE EFUFSHFOUT
 QBDLBHJOH
 ESVH EFMJWFSZ BOE NBOZ PUIFS BQQMJDBUJPOT�
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Научно-популярное введение для моих родных

Один из самых распространённых типов углеводов - это целлюлоза.
Большое количество целлюлозы находится в древесине и разных видах
растений, например, в хлопке. Целлюлоза - это очень длинная молеку-
ла (полисахарид), которую составляют, соединенные в цепь, молекулы
глюкозы. Свойства такого полисахарида очень сильно отличаются от
свойств единой молекулы глюкозы.

Глюкоза также входит в состав обычного и всеми любимого сахара, ведь
чай без сахара - это деньги на ветер! Или наоборот, сколько не добавляй
сахара в чай, он всё равно растворяется. А вы когда-нибудь задумыва-
лись почему сахар растворяется в чае? На самом деле всё очень просто:
простые углеводы – гидрофильные или воду любящие молекулы. А,
например, масло или воск - это гидрофобные или воду нелюбящие мо-
лекулы, поэтому они в воде не растворяются. Почему же тогда кусочек
бумаги, главный компонент которого - целлюлоза, в чае не растворяет-
ся? Ведь целлюлоза состоит из того же сахара! Как я уже упомянула
до этого, целлюлоза – очень длинная молекула и чаще всего состоит из
нескольких цепей, которые взаимодействуют друг с другом.

Целлюлоза находится в клеточных стенках растений и её главная зада-
ча - предание прочности и твёрдсти клеткам. Цепи целлюлозы крепко
взаимодействуют друг с другом и создают волокна, которые, в свою
очередь, образуют прочную сетку, способную поддержать рост расте-
ний. При производстве бумаги дерево подвергается механической или
химической обработке, во время которой структура большей части во-
локон разрушается. Последующее разъединение волокон на цепи цел-
люлозы - это не простой процесс. Взаимодействие между цепями цел-
люлозы настолько крепкое, что волокна целлюлозы имеют своего рода
гидрофобный характер и не растворяются при контакте с водой.

Но моя диссертация не про целлюлозу, а про гемицеллюлозу! Гемицел-
люлоза - это похожий на целлюлозу полисахарид, но в отличие от цел-
люлозы, гемицеллюлоза состоит из разных видов простых углеводов,
например, маннозы, глюкозы, ксилозы и галактозы. Вместе с целлю-
лозой, гемицеллюлоза находится в клеточных стенках растений. Геми-
целлюлоза намного меньше целлюлозы и в большинстве случаев рас-
творима в воде. При переработке дерева, большая часть гемицеллюлоз
выбрасывается вместе с отходными водами.
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Гемицеллюлозы - возобновляемый источник, который может заменить
ископаемое сырьё в производстве, например, гигиенических продуктов
или пластиковой упаковки, а также фармацевтических составов. В этой
диссертации было создано и характеризировано несколько видов кол-
лоидальных соединений на основе гемицеллюлозы.

Коллоиды - это частички размером от 1 до 1000 нанометров. Слово
это иностранное и не очень понятное, но на самом деле встречается в
ежедневной жизни намного чаще, чем кажется. Одна из самых извест-
ных коллоидных систем - это молоко, в котором гидрофобные частички
жира образуют эмульсию в воде. Они также являются главной причи-
ной белого цвета молока. Коллоиды в молоке препятствуют прохожде-
нию лучей света и в результате свет преломляется в разных направ-
лениях. Немного более интересный пример коллоидной системы - это
мицеллярная вода. Да, да, та самая жидкость, которую можно найти в
ванной комнате каждой современной девушки. Мицеллы состоят из ам-
фифильных молекул, в структуру которых, входят как гидрофобные,
так и гидрофильные части. При достаточной концентрации в воде, ам-
фифильные молекулы организуют себя так, чтобы гидрофильная часть
защищала гидрофобные части от контакта с молекулами воды. Чаще
всего, мицеллы - это круглые частички, которые состоят из гидрофоб-
ного ядра и гидрофильной оболочки. Так как в большинстве случаев
наша косметика состоит из гидрофобных молекул, мицеллы растворя-
ют частички косметики и стабилизируют их внутри ядра.

Косметические и моющие средства - это только маленькая часть ин-
дустрии, где используются коллоиды. К сожалению, большинство этих
средств в наше время произведено на основе ископаемых ресурсов, что
приводит к стремительному изменению климата. Гемицеллюлоза - это
возобновляемый и биоразлагаемый материал, использование которого,
может не только замедлить изменение климата, но и улучшить свойства
продукции.
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-JTU PG 1VCMJDBUJPOT

ɨJT UIFTJT JT CBTFE PO UIF GPMMPXJOH QVCMJDBUJPOT
 SFGFSSFE UP CZ UIFJS 3PNBO OVNF�
SBMT�

Ě 0O UIF JOUFSBDUJPO PG TPGUXPPE IFNJDFMMVMPTF XJUI DFMMVMPTF TVSGBDFT JO SFMB�
UJPO UP NPMFDVMBS TUSVDUVSF BOE QIZTJDPDIFNJDBM QSPQFSUJFT PG IFNJDFMMVMPTF
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ĚĚ "ETPSQUJPO PG IFNJDFMMVMPTF UP DFMMVMPTF mMNT BOE DFMMVMPTF DSZTUBMMJOJUZ
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ĚĚĚ #JDPOUJOVPVT DVCJD MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT TUBCJMJ[FE CZ
TPGUXPPE IFNJDFMMVMPTF
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Ěħ ɧFSNPSFTQPOTJWF HMZDPQPMZNFST CBTFE PO1�JTPQSPQZM BDSZMBNJEF BOE FO�
[ZNBUJDBMMZ TZOUIFTJ[FE β�NBOOPTZM BDSZMBUFT
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ħ β�.BOOBOBTF�DBUBMZ[FE TZOUIFTJT PG BMLZM NBOOPPMJHPTJEFT
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"MM QBQFST BSF SFQSPEVDFE XJUI QFSNJTTJPO GSPN UIFJS SFTQFDUJWF DPQZSJHIU IPMEFST�
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1VCMJDBUJPOT OPU JODMVEFE JO UIJT UIFTJT�

'BDJMF DPOUSPM PG TVSGBDUBOU MBNFMMBS QIBTF USBOTJUJPO BOE BETPSQUJPO CFIB�
WJPS
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"VUIPS $POUSJCVUJPOT

Ě 0O UIF JOUFSBDUJPO PG TPGUXPPE IFNJDFMMVMPTF XJUI DFMMVMPTF TVSGBDFT JO SFMB�
UJPO UP NPMFDVMBS TUSVDUVSF BOE QIZTJDPDIFNJDBM QSPQFSUJFT PG IFNJDFMMVMPTF

1/ QFSGPSNFE BMM UIF FYQFSJNFOUBM XPSL FYDFQU GPS /.3 BOBMZTJT� 1/ BOB�
MZ[FE BOE JOUFSQSFUFE UIF EBUB XJUI UIF IFMQ GSPN DP�BVUIPST� 1/ XSPUF UIF
NBOVTDSJQU XJUI JOQVU GSPN DP�BVUIPST�

ĚĚ "ETPSQUJPO PG IFNJDFMMVMPTF UP DFMMVMPTF mMNT BOE DFMMVMPTF DSZTUBMMJOJUZ

1/ QFSGPSNFE BMM UIF FYQFSJNFOUBM XPSL XJUI UIF IFMQ GSPN $%� %BUB BOB�
MZTJT BOE JOUFSQSFUBUJPO XBT QFSGPSNFE CZ 1/ BOE DP�BVUIPST� 1/ XSPUF UIF
NBOVTDSJQU XJUI JOQVU GSPN DP�BVUIPST�

ĚĚĚ #JDPOUJOVPVT DVCJD MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT TUBCJMJ[FE CZ
TPGUXPPE IFNJDFMMVMPTF

1/
 .' BOE 5/ EFTJHOFE UIF TUVEZ� %1 BOE 1/ QFSGPSNFE UIF FYQFSJNFOUBM
XPSL� %BUB BOBMZTJT BOE JOUFSQSFUBUJPO XBT QFSGPSNFE CZ 1/ BOE DP�BVUIPST�
1/ BOE .' XSPUF UIF NBOVTDSJQU XJUI JOQVU GSPN DP�BVUIPST�

Ěħ ɧFSNPSFTQPOTJWF HMZDPQPMZNFST CBTFE PO1�JTPQSPQZM BDSZMBNJEF BOE FO�
[ZNBUJDBMMZ TZOUIFTJ[FE β�NBOOPTZM BDSZMBUFT

1/ QFSGPSNFE 4"94 BOE %-4� %BUB BOBMZTJT BOE JOUFSQSFUBUJPO XBT QFSGPS�
NFE CZ 1/ BOE DP�BVUIPST� 1/ XSPUF B QBSU JO UIF NBOVTDSJQU SFMBUFE UP UIF
QIZTJDPDIFNJDBM DIBSBDUFSJ[BUJPO XJUI JOQVU GSPN DP�BVUIPST�

ħ β�.BOOBOBTF�DBUBMZ[FE TZOUIFTJT PG BMLZM NBOOPPMJHPTJEFT

1/ QFSGPSNFE TVSGBDF UFOTJPO NFBTVSFNFOUT� %BUB BOBMZTJT BOE JOUFSQSFUB�
UJPO XBT QFSGPSNFE CZ 1/ BOE DP�BVUIPST� 1/ XSPUF B QBSU JO UIF NBOVTDSJQU
SFMBUFE UP UIF TVSGBDF UFOTJPO NFBTVSFNFOUT XJUI JOQVU GSPN DP�BVUIPST�
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� *OUSPEVDUJPO

%VF UP SBQJEMZ FNFSHJOH DPOTFRVFODFT PG DMJNBUF DIBOHF
 USBOTJUJPO GSPN GPTTJM�
CBTFE SFTPVSDFT JT POF PG UIF CVSOJOH JTTVFT UIF NPEFSO TDJFOUJmD DPNNVOJUZ JT
EFBMJOH XJUI� " HSFBU EFBM PG DSFBUJWF TPMVUJPOT IBT BMSFBEZ CFFO QSPQPTFE GPS
OPWFM
 FOWJSPONFOUBMMZ�GSJFOEMZ GVFMT
 QBDLBHJOH NBUFSJBMT
 IZHJFOF QSPEVDUT FUD�
#JPQPMZNFST IBWF TIPXO B TJHOJmDBOU QPUFOUJBM
 UIBOLT UP UIFJS WFSTBUJMF BOE
 NPTU
JNQPSUBOUMZ
 CJPEFHSBEBCMF OBUVSF� 'PS B MPOH UJNF
 UIF BUUFOUJPO XBT GPDVTFE NBJOMZ
PO DFMMVMPTF BT JU JT UIF NPTU BCVOEBOU CJPQPMZNFS JO OBUVSF� )PXFWFS
 JU JT B WFSZ
DPNQMFY QPMZTBDDIBSJEF UIBU CSJOHT BEEJUJPOBM DIBMMFOHFT UP UIF UBCMF TVDI BT MJNJUFE
TPMVCJMJUZ JO DPNNPO TPMWFOUT� .PSFPWFS
 QSPEVDUJPO PG DFMMVMPTF�CBTFE NBUFSJBMT
SFRVJSFT BEEJUJPOBM EFGPSFTUBUJPO XIJDI DPOUSJCVUFT OFHBUJWFMZ UP UIF DMJNBUF DIBOHF�

)FNJDFMMVMPTF
 PO UIF PUIFS IBOE
 JT JO NBOZ DBTFT SFBEJMZ TPMVCMF JO XBUFS
BOE JT PGUFO EJTDBSEFE XJUI QSPDFTT XBUFST GSPN XPPE QVMQJOH� *O UIF MBTU mWF ZFBST
BMPOF
 ��
��� BSUJDMFT IBWF CFFO QVCMJTIFE BTTPDJBUFE XJUI IFNJDFMMVMPTF XIFSF
��
��� PG UIFTF BSUJDMFT JOWPMWFE TPGUXPPE IFNJDFMMVMPTF� /PU BMM PG UIFTF TUVEJFT BSF
SFMBUFE UP UIF EFWFMPQNFOU PG QPUFOUJBM BQQMJDBUJPOT� 4JHOJmDBOU BNPVOU PG SFTFBSDI
IBT CFFO EPOF PO
 GPS JOTUBODF
 PQUJNJ[BUJPO PG XPPE QVMQ NFNCSBOF mMUSBUJPO UP
QSFWFOU GPVMJOH DBVTFE CZ BETPSQUJPO PG IFNJDFMMVMPTFT PS GVOEBNFOUBM RVFTUJPOT
BCPVU UIF OBUVSF PG JOUFSBDUJPOT JOTJEF QMBOU DFMM XBMMT� ɨJT TUJMM JOEJDBUFT HSPXJOH
JOUFSFTU JO IFNJDFMMVMPTF�

*O UIJT UIFTJT
 XF FYQMPSF UIF QPUFOUJBM PG TPGUXPPE IFNJDFMMVMPTF BT B SBX NB�
UFSJBM JO DSFBUJPO PG TFWFSBM UZQFT PG NBUFSJBMT UIBU DPVME FJUIFS TVCTUJUVUF UIF FYJTUJOH
XJEFMZ VTFE DPNQPOFOUT PS QSPWJEF TPMVUJPO GPS GVUVSF PCTUBDMFT� " TQFDJBM BUUFOUJPO
JT EFWPUFE UP IFNJDFMMVMPTF QSPQFSUJFT JO SFMBUJPO UP DFMMVMPTF BT UIJT IBT CFFO BOE
TUJMM SFNBJOT BO PQFO EJTDVTTJPO� )PXFWFS
 * IPQF UIBU UIJT UIFTJT IPMET BOTXFST UP BU
MFBTU TPNF PG UIF RVFTUJPOT�
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��� 1MBOU DFMM XBMM QPMZTBDDIBSJEFT

1MBOU DFMM XBMMT QSPWJEF NFDIBOJDBM TUSFOHUI BOE SFTJTUBODF UP EFGPSNBUJPO XIJMF
BMMPXJOH TPMVUF BOE TJHOBM FYDIBOHF CFUXFFO DFMMT� (SPXJOH DFMMT BSF TVSSPVOEFE
CZ QSJNBSZ XBMMT UIBU IBWF BO FYQBOEBCMF OBUVSF XJUI UFOTJMF TUSFOHUI PG VQ UP
��� .1B�� &OTVJOH UIF JOJUJBM HSPXUI QFSJPE
 TPNF DFMMT EFWFMPQ TFDPOEBSZ XBMMT
XIJDI
 JO BEEJUJPO UP NFDIBOJDBM TVQQPSU
 TFSWF BT QPMZTBDDIBSJEF TUPSBHF VOJUT��ù¤

ɨF NBJO DPNQPOFOUT GPVOE JO QMBOU DFMM XBMMT BSF DFMMVMPTF
 IFNJDFMMVMPTF
BOE MJHOJO 	'JHVSF ���
� .JOPS BNPVOUT PG QSPUFJOT BOE QFDUJD TVCTUBODFT BSF BMTP
QSFTFOU� $FMMVMPTF JT B MJOFBS QPMZNFS UIBU DPOTJTUT PG 	�→�
�β�%�HMVDPQZSBOPTF
VOJUT LOPXO BT HMVDBO DIBJOT XIJDI BHHSFHBUF UPHFUIFS JOUP DSZTUBMMJOF DFMMVMPTF
NJDSPmCSJMT PG ∼ � ON JO XJEUI�� )FNJDFMMVMPTF
 PO UIF PUIFS IBOE
 JT B HSPVQ
PG QPMZTBDDIBSJEFT UIBU JODMVEFT CPUI MJOFBS BOE CSBODIFE QPMZTBDDIBSJEFT� )FNJ�
DFMMVMPTFT QSFWFOU DFMMVMPTF GSPN BHHSFHBUJOH JOUP MBSHFS mCSJMT CZ BETPSCJOH UP UIF
DFMMVMPTF TVSGBDF� ɨF DIFNJDBM DPNQPTJUJPO PG IFNJDFMMVMPTF WBSJFT EFQFOEJOH PO
UIF QMBOU BOE DFMM XBMM 	QSJNBSZ PS TFDPOEBSZ
 UZQF� )FNJDFMMVMPTFT DBO CF EJWJEFE
JOUP YZMPHMZDBOT PS YZMBOT
 YZMPHMVDBOT
 β�HMVDBOT XJUI NJYFE MJOLBHFT BOE NBOOBOT
CBTFE PO UIF NBKPS TVHBS NPOPNFST QSFTFOU JO UIF TUSVDUVSF�©

'JHVSF ��� 4DIFNBUJD SFQSFTFOUBUJPO PG UIF mCSJM OFUXPSL JOTJEF QMBOU DFMM XBMMT BOE UIF NBJO
DPNQPOFOUT JOWPMWFE JO JU�

9ZMBOT BSF UIF NBJO OPO�DFMMVMPTJD QPMZTBDDIBSJEFT GPVOE JO UIF TFDPOEBSZ DFMM XBMMT
PG EJDPUZM QMBOUT� *O BEEJUJPO
 UIF BNPVOU PG YZMBOT DBO SFBDI VQ UP �� % JO HSBTTFT

�



BOE DFSFBMT� 9ZMPHMVDBOT
 PO UIF PUIFS IBOE
 BSF GPVOE JO BMM IJHIFS PSEFS QMBOU
QSJNBSZ DFMM XBMMT BOE BT TUPSBHF QPMZTBDDIBSJEFT JO TFDPOEBSZ XBMMT PG TPNF TQFDJFT�
$FMMVMPTF�MJLF β�HMVDBOT XJUI NJYFE MJOLBHFT BSF POMZ QSPEVDFE JO DFSFBM HSBJOT XJUI
PBUT BOE CBSMFZ CFJOH DPNNFSDJBMMZ JNQPSUBOU TPVSDFT PG UIFTF IFNJDFMMVMPTFT�

ɨF MBTU HSPVQ PG IFNJDFMMVMPTFT JT NBOOBOPHMZDBOT PS NBOOBOT� .BOOBOT
DBO CF GVSUIFS EJWJEFE JOUP HBMBDUPNBOOBOT BOE HBMBDUPHMVDPNBOOBOT 	'JHVSF ���
�
(BMBDUPNBOOBOT XJUI B MPX OVNCFS PG HBMBDUPTF VOJUT 	∼ � %
 BSF QSFTFOU JO UIF
TFFE FOEPTQFSN PG JWPSZ OVU 	1IZUFMFQIBT NBDSPDBSQB
 BOE EBUF 	1IPFOJY EBDUZMJGFSB
�
*O BEEJUJPO
 HSFFO BSBCJDB DPĊFF CFBOT BMTP DPOUBJO B IJHI BNPVOU PG TVDI NBOOBOT�
(BMBDUPNBOOBOT XJUI B IJHIFS EFHSFF PG HBMBDUPTF TVCTUJUVUJPO 	�� − ��%
 BSF
QSJODJQBM IFNJDFMMVMPTFT PSJHJOBUJOH JO UIF FOEPTQFSN PG B WBSJFUZ PG MFHVNJO�
PVT TFFET JODMVEJOH HVBS 	$ZBOPQTJT UFUSBHPOPMPCB
 BOE MPDVTU CFBO PS DBSPC
	$BFTBMQJOJB TQJOPTB
� ɨFJS CVML BOE JOUFSGBDJBM CFIBWJPS BSF GVSUIFS EFTDSJCFE JO
$IBQUFS �� (BMBDUPHMVDPNBOOBOT
 IPXFWFS
 BSF UIF NBKPS IFNJDFMMVMPTJD DPNQPO�
FOUT GPVOE JO UIF TFDPOEBSZ DFMM XBMMT PG TPGUXPPET�¤ù© 4JODF HBMBDUPHMVDPNBOOBOT
BSF UIF NBJO GPDVT PG UIJT UIFTJT
 UIFZ BSF EFTDSJCFE JO EFUBJM JO UIF GPMMPXJOH TFDUJPO�
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'JHVSF ��� (FOFSBM TUSVDUVSF PG HBMBDUPHMVDPNBOOBO 	UPQ
 BOE HBMBDUPNBOOBO 	CPUUPN
�

-JHOJO JT B HSPVQ PG QPMZQIFOPMJD QPMZNFST UIBU BSF TUSPOHMZ BTTPDJBUFE
 BOE TPNFUJNFT
FWFO DPWBMFOUMZ CPVOE XJUI QPMZTBDDIBSJEFT JO DFMM XBMMT� ɨF NBJO DPOTUJUVFOUT JO
MJHOJO BSF QBSB�DPVNBSZM BMDPIPM
 DPOJGFSZM BMDPIPM BOE TJOBQZM BMDPIPM	TFF 'JHVSF ���
�
'PS TPGUXPPET
 DPOJGFSZM BMDPIPM JT UIF NPTU DPNNPO NPOPNFS�ņ
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p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

'JHVSF ��� 5IF NPMFDVMBS TUSVDUVSF PG UIF NBJO DPOTUJUVFOUT JO MJHOJO�

��� 4PGUXPPE IFNJDFMMVMPTF

ɨF NBKPS IFNJDFMMVMPTF HSPVQ GPVOE JO TPGUXPPE
 TVDI BT TQSVDF BOE QJOF
 JT 2�
BDFUZM�HBMBDUPHMVDPNBOOBO 	((.
� %SZ XPPE NBTT DPOUBJOT VQ UP �� X�X% PG
((.� ɨF CBDLCPOF PG ((. DPOTJTUT PG β�	�→�
�%�NBOOPQZSBOPTF
 QBSUJBMMZ
TVCTUJUVUFE XJUI β�	�→�
�%�HMVDPQZSBOPTF
 CSBODIFT PO NBOOPTF VOJUT PG α�%�
HBMBDUPQZSBOPTF BUUBDIFE UISPVHI UIF �→� MJOLBHFT
 BT XFMM BT 2�BDFUZM HSPVQT BU�
UBDIFE UP UIF $�� BOE $�� QPTJUJPOT�Ňùň ɨF EFHSFF PG QPMZNFSJ[BUJPO PG ((.
JT NVDI TNBMMFS UIBO UIBU PG DFMMVMPTF XJUI B NPMFDVMBS XFJHIU PG BSPVOE ��
����
��
��� %B�ŉ (BMBDUPTF BOE BDFUZM TJEF HSPVQT DPOUSJCVUF UP B CFUUFS TPMVCJMJUZ PG IFNJ�
DFMMVMPTF JO XBUFS� ɨF DPNQPTJUJPO PG HBMBDUPTF�HMVDPTF�NBOOPTF JO ((. DBO WBSZ
TJHOJmDBOUMZ CBTFE PO UIF EFHSFF PG TVCTUJUVUJPO GSPN ������� VQ UP ������ň

��� )FNJDFMMVMPTF BQQMJDBUJPOT

ɨF BJN PG UIJT TFDUJPO JT UP IJHIMJHIU GFX TUVEJFT UIBU JOWPMWF IFNJDFMMVMPTF SFMFWBOU
UP UIF TDPQF PG UIJT UIFTJT� * XJMM BMTP JOUSPEVDF TFWFSBM JNQPSUBOU QIFOPNFOB BOE
UFSNJOPMPHZ UIBU XJMM CF EJTDVTTFE GSFRVFOUMZ JO $IBQUFST � BOE ��

����� )FNJDFMMVMPTF�DFMMVMPTF DPNQPTJUFT

"T QSFWJPVTMZ EJTDVTTFE
 IFNJDFMMVMPTF JOUFSBDUT XJUI DFMMVMPTF JO QMBOU DFMM XBMMT�
ɨF OBUVSF PG UIFTF JOUFSBDUJPOT JT PG B HSFBU JOUFSFTU JO SFMBUJPO UP QBQFSNBLJOH BOE
QVMQJOH TJODF UIF QSFTFODF PG IFNJDFMMVMPTFT EJTTPMWFE JO UIF QSPDFTT XBUFST DBVTFT B
WBSJFUZ PG BEWFSTF FĊFDUT� ɨFTF JODMVEF UIF HSPXUI PG GVOHJ BOE CBDUFSJB BT XFMM BT
JOUFSBDUJPOT XJUI QBQFSNBLJOH DIFNJDBMT�Ŋ
)PXFWFS
 IFNJDFMMVMPTF IBT BMTP CFFO TIPXO UP JNQSPWF QBQFS TUSFOHUI�ŋ ɨFSFGPSF

NVMUJQMF TUVEJFT IBWF CFFO EPOF PO UIF BETPSQUJPO PG IFNJDFMMVMPTFT UP EJĊFSFOU
UZQFT PG DFMMVMPTF TVSGBDFT��ŅĐ�© 4FWFSBM BUUFNQUT IBWF CFFO NBEF UP SFQMJDBUF UIF

�



TZOFSHZ CFUXFFO IFNJDFMMVMPTF BOE DFMMVMPTF JO QMBOU DFMM XBMMT CZ SFJOGPSDJOH
DFMMVMPTF IZESPHFMT XJUI IFNJDFMMVMPTF��ņĐ�Ŋ )FNJDFMMVMPTF IBT CFFO TIPXO UP
JNQSPWF FMBTUJD BOE UFOTJMF TUSFOHUI
 BT XFMM BT UPVHIOFTT PG UIF BSUJmDJBM DFMMVMPTF
IZESPHFMT DPOmSNJOH UIF SPMF JU IBT JO UIF DFMM XBMM BSDIJUFDUVSF� *O BEEJUJPO
 UIF
JNQPSUBODF PG IFNJDFMMVMPTFT PO UIF EJĊVTJPO PG TFWFSBM QMBOU�CBTFE NBDSPNPMFDVMFT
IBT CFFO IJHIMJHIUFE JO DFMMVMPTJD IZESPHFMT��ŋ "QBSU GSPN NFDIBOJDBM TUSFOHUI

IFNJDFMMVMPTF�DFMMVMPTF DPNQPTJUF mMNT IBWF CFFO SFQPSUFE UP IBWF FYDFMMFOU PYZHFO
CBSSJFS QFSGPSNBODF PĊFSJOH BO BUUSBDUJWF BMUFSOBUJWF UP DPOWFOUJPOBM QBDLBHJOH
NBUFSJBMT�¤Ņ

)FNJDFMMVMPTF�CBTFE IZESPHFMT IBWF BMTP TIPXO B HSFBU QPUFOUJBM JO TFWFSBM
BSFBT TVDI BT UJTTVF FOHJOFFSJOH
 ESVH EFMJWFSZ
 FUD�¤�Đ¤ņ 'PS JOTUBODF
 YZMBO�CBTFE
IZESPHFMT XJUI UIFSNP� BOE Q)� SFTQPOTJWF CFIBWJPS IBWF EFNPOTUSBUFE FYDFMMFOU
FODBQTVMBUJPO BOE SFMFBTF QSPQFSUJFT PG BDFUZMTBMJDZMJD BDJE JO UIF JOUFTUJOBM BOE HBTUSJD
nVJET�¤Ň )FNJDFMMVMPTF IZESPHFM NJDSPTQIFSFT
 PO UIF PUIFS IBOE
 IBWF CFFO UFTUFE
BT OBOPWFIJDMFT GPS UIF USBOTQPSU PG DBĊFJOF BOE CPWJOF TFSVN BMCVNJOF�¤ň

����� "MLZM HMZDPTJEFT

4VSGBDF BDUJWF BHFOUT 	PS TVSGBDUBOUT
 BSF BNQIJQIJMJD NPMFDVMFT NFBOJOH UIBU UIF
DIFNJDBM TUSVDUVSF DPOUBJOT CPUI IZESPQIJMJD BOE IZESPQIPCJD QBSUT� 4VDI NPMFDVMFT
BSF BCMF UP MPXFS TVSGBDF GSFF FOFSHZ PG B TZTUFN� "U B DFSUBJO DPODFOUSBUJPO
 B TP�DBMMFE
DSJUJDBM NJDFMMF DPODFOUSBUJPO 	$.$

 TVSGBDUBOUT TFMG�BTTFNCMF JOUP B WBSJFUZ PG TUSVD�
UVSFT JO PSEFS UP NJOJNJTF VOXBOUFE IZESPQIJMJD�IZESPQIPCJD JOUFSBDUJPOT CFUXFFO
UIF TVSGBDUBOU BOE TPMWFOU� ɨF UZQF PG TUSVDUVSFT TVSGBDUBOUT TFMG�BTTFNCMF JOUP EF�
QFOET PO UIF NPMFDVMBS TIBQF PG UIF TVSGBDUBOU JUTFMG 	TFF 'JHVSF ���
� ɨJT DBO CF
EFTDSJCFE CZ B DSJUJDBM QBDLJOH QBSBNFUFS 	3 
 EFmOFE BT¤ŉ

3 =
9UBJM

D IFBE · O UBJM
	���


XIFSF 9UBJM
 D IFBE
 BOE O UBJM BSF UIF UBJM WPMVNF
 UIF DSPTT�TFDUJPO BSFB PG UIF IFBE
HSPVQ BOE UIF MFOHUI PG UIF UBJM
 SFTQFDUJWFMZ�
.JDFMMFT BSF UIF TJNQMFTU TUSVDUVSFT UIBU TVSGBDUBOUT GPSN BCPWF UIF $.$� *O
XBUFS
 TVSGBDUBOUT TFMG�BTTFNCMF XJUI UIFJS IZESPQIJMJD IFBE HSPVQ PVUXBSET BOE UIF
IZESPQIPCJD UBJM JOXBSET
 DSFBUJOH B IZESPQIJMJD TIFMM UIBU QSPUFDUT PJM�MJLF JOUFSJPS�
&YBNQMFT PG DPNQPVOET XJUI TVSGBDF BDUJWF QSPQFSUJFT BSF MJQJET
 QPMZNFST
 CMPDL
DPQPMZNFS UP MJTU B GFX� "MM PG UIFTF NPMFDVMFT DBO CF VTFE UP GPSN B WBTU BSSBZ PG
JOUSJHVJOH TUSVDUVSFT�

�



'JHVSF ��� 4DIFNBUJD SFQSFTFOUBUJPO PG TVSGBDUBOU NPMFDVMFT BOE TFMG�BTTFNCMZ TUSVDUVSFT EF�
QFOEJOH PO UIFJS DSJUJDBM QBDLJOH QBSBNFUFS 	3
�

"MLZM HMZDPTJEFT BSF TVSGBDUBOUT UIBU IBWF B IFBE HSPVQ NBEF PG BU MFBTU POF TVHBS VOJU
BOE BO BMLZM UBJM�¤Ŋ %VF UP UIFJS CJPEFHSBEBCMF BOE OPOUPYJD OBUVSF
 BMLZM HMZDPTJEFT
IBWF HBJOFE XJEF QPQVMBSJUZ BOE IBWF CFFO DPNNFSDJBMMZ VTFE JO B WBSJFUZ PG GPSNV�
MBUFE QSPEVDUT�¤Ŋ ɨFTF TVSGBDUBOUT BSF NBJOMZ QSPEVDFE GSPN TUBSDI PS HMVDPTF TZSVQ
BT B SBX NBUFSJBM�¤ŋ )PXFWFS
 TFWFSBM TUVEJFT IBWF JOWFTUJHBUFE UIF TZOUIFTJT PG BMLZM
HMZDPTJEFT GSPN DFSFBM BOE XPPE CBTFE IFNJDFMMVMPTFT�¤ŋĐ©¤ 6UJMJTBUJPO PG IFNJDFMMV�
MPTFT BT B SBX NBUFSJBM EPFT OPU SFRVJSF BEEJUJPOBM EFGPSFTUBUJPO BOE JO TPNF DBTFT
FWFO BMMPXT QSPEVDUJPO PG TVSGBDUBOUT DPOUBJOJOH TQFDJmD HMZDPTJEJD CPOET UIBU BSF
PUIFSXJTF IJHIMZ DIBMMFOHJOH UP TZOUIFTJTF�©¤

����� 4UBCJMJ[BUJPO PG MJQJE�XBUFS JOUFSGBDF

"T TUBUFE JO UIF QSFWJPVT TVCTFDUJPO
 QPMBS MJQJET BSF OBUVSBM TVSGBDF BDUJWF NPMFDVMFT�
8IFO NJYFE XJUI XBUFS
 MJQJET TFMG�BTTFNCMF JOUP B SBOHF PG TUSVDUVSFT EFQFOEJOH
PO UIF DPODFOUSBUJPO
 Q)
 UFNQFSBUVSF BOE QBDLJOH QBSBNFUFS� "U IJHI FOPVHI
DPODFOUSBUJPOT
 MJQJET TFMG�BTTFNCMF JOUP QIBTFT XJUI MPOH�SBOHF PSJFOUBUJPOT DIBS�
BDUFSJTUJD PG TPMJE DSZTUBMT ZFU XJUI MJRVJE�MJLF NPMFDVMBS NPCJMJUZ BOE BSF
 UIFSFGPSF

SFGFSSFE UP BT MJQJE MJRVJE DSZTUBMMJOF 	--$
 QIBTFT� "NPOH UIF NPTU DPNNPO --$
QIBTFT BSF MBNFMMBS
 IFYBHPOBM
 JOWFSTF NJDFMMFT 	/�
 BOE DVCJD CJDPOUJOVPVT QIBTFT
	'JHVSF ���
� -BNFMMBS QIBTF DPOUBJOT QMBOBS CJMBZFS TIFFUT TFQBSBUFE CZ XBUFS MBZFST
XIFSFBT IFYBHPOBM QIBTF DPOTJTUT PG EFOTFMZ QBDLFE DZMJOESJDBM NJDFMMFT BSSBOHFE
JO B IFYBHPOBM QBUUFSO XIJDI DBO CF EJSFDU 	+�
 PS JOWFSTF IFYBHPOBM 	+�
� $VCJD
CJDPOUJOVPVT QIBTF IBT B ��EJNFOTJPOBM MBUUJDF GPSNFE CZ B DVSWFE OPO�JOUFSTFDUJOH
CJMBZFS GPMEFE JO B XBZ UIBU DSFBUFT UXP DPOUJOVPVT ZFU EJTDPOOFDUFE XBUFS DIBOOFMT�

�



ɨFSF BSF UISFF UZQFT PG DVCJD CJDPOUJOVPVT QIBTFT � QSJNJUJWF 	*N�N

 UIF HZSPJE
	*B�E
 BOE UIF EPVCMF�EJBNPOE 	1O�N
�

'JHVSF ��� "SDIJUFDUVSF PG EJGGFSFOU MJQJE MJRVJE DSZTUBMMJOF QIBTFT� 3FQSPEVDFE GSPN 3FG� ©© XJUI
QFSNJTTJPO GSPN UIF 1$$1 0XOFS 4PDJFUJFT�

/BOPQBSUJDMFT 	/1T
 QSPEVDFE GSPN MJQJE CVML QIBTFT IBWF HBJOFE B TQFDJBM JOUFSFTU
BT UIFZ DBO CF VTFE GPS ESVH FODBQTVMBUJPO BOE EFMJWFSZ QVSQPTFT� *O PSEFS UP
PCUBJO TVDI MJQJE DSZTUBMMJOF OBOPQBSUJDMFT 	-$/1T

 FOFSHZ JOQVU JT SFRVJSFE�
ɨF NPTU DPNNPO UFDIOJRVF
 UIF TP�DBMMFE UPQ�EPXO BQQSPBDI
 JOWPMWFT CSFBL�
JOH BQBSU UIF MJQJE CVML QIBTF JO FYDFTT XBUFS JOUP TNBMMFS BHHSFHBUFT UIBU XJMM
UIFO DSFBUF UIF OBOPQBSUJDMFT� ɨF CPUUPN�VQ BQQSPBDI
 PO UIF PUIFS IBOE

JT CBTFE PO EJMVUJOH B TVSGBDUBOU JO BO BRVFPVT TPMVUJPO XJUI B TUBCJMJ[FS
 BGUFS
XIJDI UIF NJYUVSF JT IPNPHFOJ[FE� ɨF EJTQFSTJPOT PG MBNFMMBS
 IFYBHPOBM BOE
CJDPOUJOVPVT DVCJD QIBTFT BSF DBMMFE WFTJDMFT
 IFYPTPNFT BOE DVCPTPNFT
 SFTQFDUJWFMZ�

-$/1T PGUFO SFRVJSF B TUBCJMJ[FS UP BDIJFWF B MPOH UFSN DPMMPJEBM TUBCJMJUZ� #PUI
FMFDUSPTUBUJD BOE TUFSJD TUBCJMJ[BUJPO DBO CF VTFE UP QSFWFOU TVDI OBOPQBSUJDMFT GSPN
BHHSFHBUJOH� 0OF PG UIF NPTU DPNNPOMZ VTFE HSPVQT PG TUBCJMJ[FST GPS DVCPTPNFT
BOE IFYPTPNFT JT QPMPYBNFST 	1MVSPOJDT
 UIBU IBWF IZESPQIJMJD 	QPMZ	FUIZMFOF PYJEF

BOE IZESPQIPCJD 	QPMZ	QSPQZMFOF PYJEF

 CMPDLT� 1PMPYBNFST
 IPXFWFS
 BSF LOPXO
UP BĊFDU UIF JOUFSOBM TUSVDUVSF PG /1T�©ņ

ɨF BCJMJUZ PG IFNJDFMMVMPTFT UP TUBCJMJ[F UIF JOUFSGBDF CFUXFFO MJQJET BOE XBUFS
IBT CFFO IJHIMJHIUFE JO SFMBUJPO UP PJM�JO�XBUFS FNVMTJPOT�©Ňù©ŇĐ©Ŋ ɨF JNQSPWFE
TUBCJMJUZ BOE B NPSF NPOPEJTQFSTFE QBSUJDMF TJ[F PG FNVMTJPOT IBT CFFO MJOLFE UP
UIF QSFTFODF PG MJHOJO JO UIF IFNJDFMMVMPTF FYUSBDUT�©Ňù©ňù©ŋ ɨF NBJO NFDIBOJTN
CFIJOE UIF TUBCJMJ[BUJPO FĊFDU JT CFMJFWFE UP CF CBTFE PO MJHOJO JOUFSBDUJOH XJUI UIF

�



IZESPQIPCJD QBSUT PG MJQJE BOE UIFSFCZ BODIPSJOH BTTPDJBUFE IFNJDFMMVMPTF UP UIF
JOUFSGBDF� ɨF IFNJDFMMVMPTF DIBJOT DBO UIFO JNQBSU TUFSJD TUBCJMJ[BUJPO� 'VSUIFSNPSF

MJHOJO IBNQFST MJQJE PYJEBUJPO
 UIVT JNQSPWJOH TUBCJMJUZ PG UIF FNVMTJPOT FWFO NPSF�©ŋ

6OUJM OPX
 UIF TUBCJMJ[BUJPO PG DVCJD QIBTF OBOPQBSUJDMFT IBT POMZ CFFO BDIJFWFE
XJUI PUIFS LJOET PG QPMZTBDDIBSJEFT TVDI BT TUBSDI BOE DFMMVMPTF�ņŅĐņ¤ )PXFWFS
 UIF
TUSVDUVSF PG UIFTF QPMZTBDDIBSJEFT XBT NPEJmFE CZ BEEJOH IZESPQIPCJD HSPVQT�

����� (MZDPQPMZNFST

(MZDPQPMZNFST QSFTFOU BO FYDFMMFOU WFIJDMF GPS UBSHFUFE ESVH EFMJWFSZ TJODF DBS�
CPIZESBUF NPJFUJFT DBO GBDJMJUBUF DFMM SFDPHOJUJPO BOE CJOEJOH�ņ© %VF UP FYUFOTJWF
SFTFBSDI PO TZOUIFUJD QPMZNFST
 JU JT BMTP QPTTJCMF UP TZOUIFTJTF HMZDPQPMZNFST XJUI
TQFDJmD QSPQFSUJFT TVDI BT UIFSNPSFTQPOTJWF CFIBWJPS� 'VSUIFSNPSF
 XJUI DBSFGVM
DIPJDF PG QPMZNFS POF DBO FBTJMZ UVOF UIF USBOTJUJPO UFNQFSBUVSF UP
 GPS JOTUBODF

CPEZ UFNQFSBUVSF�ņņùņŇ

5BNBSJOE TFFE YZMPHMVDBOT IBWF CFFO VTFE UP TZOUIFTJTF UBJMPSFE CPUUMFCSVTI�
MJLF HMZDPQPMZNFST UP FOIBODF CJOEJOH UP OBOPDSZTUBMMJOF DFMMVMPTF�ņň *O BOPUIFS
TUVEZ
 TFFE IFNJDFMMVMPTF GSPN MPDVTU CFBO HVN IBT CFFO VTFE BT B SBX NBUFSJBM GPS
UIF QSFQBSBUJPO PG DPOKVHBUFT XJUI IZESPYZFUIZM NFUIBDSZMBUF 	)&."
�ņŉ

�



� &YQFSJNFOUBM UFDIOJRVFT

*O UIJT DIBQUFS
 UIF NBJO UFDIOJRVFT VTFE JO UIF XPSL CFIJOE UIJT UIFTJT XJMM CF QSFTFO�
UFE XJUI B HFOFSBM EFTDSJQUJPO� $IBSBDUFSJ[BUJPO PO UIF TVSGBDF XBT QFSGPSNFE VTJOH
TFWFSBM UFDIOJRVFT TVDI BT &MMJQTPNFUSZ
 2VBSU[ $SZTUBM .JDSPCBMBODF XJUI %JTTJQB�
UJPO
 /FVUSPO 3FnFDUPNFUSZ
 "UPNJD 'PSDF .JDSPTDPQZ BOE "UUFOVBUFE 5PUBM 3FnFD�
UJPO � 'PVSJFS�5SBOTGPSN *OGSBSFE TQFDUSPTDPQZ� 4BNQMFT JO TPMVUJPO XFSF JOWFTUJHBUFE
XJUI UIF IFMQ PG EJĊFSFOU TDBUUFSJOH UFDIOJRVFT � %ZOBNJD BOE 4UBUJD -JHIU 4DBUUFSJOH
BOE 4NBMM "OHMF 9�3BZ 4DBUUFSJOH� *O PSEFS UP DPOmSN UIF NPSQIPMPHZ JO TPMVUJPO

TPNF TBNQMFT XFSF JNBHFE XJUI $SZPHFOJD 5SBOTNJTTJPO &MFDUSPO .JDSPTDPQZ� *O BE�
EJUJPO
 TVSGBDUBOU QSPQFSUJFT PG IFYZM�NBOOPTJEFT XFSF JOWFTUJHBUFE XJUI 5FOTJPNFUSZ�

��� 4VSGBDF UFDIOJRVFT

����� &MMJQTPNFUSZ

'JHVSF ��� " TDIFNBUJD SFQSFTFOUBUJPO PG QSJODJQMFT CFIJOE FMMJQTPNFUSZ

�



&MMJQTPNFUSZ JT BO PQUJDBM UFDIOJRVF CBTFE PO B DIBOHF JO B QPMBSJ[BUJPO TUBUF PG B MJHIU
XBWF VQPO SFnFDUJPO GSPN BO JOUFSGBDF� *O B UZQJDBM TFUVQ
 B MJHIU CFBN XJUI B LOPXO
QPMBSJ[BUJPO TUBUF JT JODJEFOU PO BO JOUFSGBDF CFUXFFO UXP NFEJB� ɨF DIBOHF JO UIF
TVSGBDF QSPQFSUJFT
 GPS FYBNQMF
 GPSNBUJPO PG B UIJO mMN
 XJMM MFBE UP B DIBOHF JO UIF
QPMBSJ[BUJPO TUBUF PG UIF SFnFDUFE MJHIU�ņŊùņŋ ɨF QPMBSJ[BUJPO PG UIF SFnFDUFE MJHIU JT
EFTDSJCFE CZ FMMJQTPNFUSJD BOHMFT
 Ψ BOE Ź
 XIJDI SFQSFTFOU UIF SFMBUJWF BUUFOVBUJPO
BOE SFMBUJWF QIBTF TIJGUT PG UXP PSUIPHPOBM DPNQPOFOUT PG UIF MJHIU XBWF
 QBSBMMFM

S
 BOE QFSQFOEJDVMBS
 V
 UP UIF JODJEFODF QMBOF� ɨF FMMJQTPNFUSJD BOHMFT BSF SFMBUFE
UP UIF SFnFDUJPO DPFċDJFOUT UQ BOE UT BT TIPXO JO UIF &RVBUJPO ��� XIFSF ρ JT UIF
DPNQMFY BNQMJUVEF SFnFDUJPO SBUJPŇŅ

ρ =
UQ
UT

= tan(Ψ) exp(MŹ) . 	���


ɨF DPNQMFY BNQMJUVEF SFnFDUJPO SBUJP JT NFBTVSFE EJSFDUMZ CZ UIF FMMJQTPNFUFS BOE
UIF DPNQMFY SFGSBDUJWF JOEFY JT EFUFSNJOFE CBTFE PO UIF SFnFDUJPO DPFċDJFOUT BT GPM�
MPXT GSPN &RVBUJPO ��� BOE &RVBUJPO ���

UT =
(ST
(JT

=
1� cos θ� −1� cos θ�
1� cos θ� +1� cos θ�

	���


UQ =
(SQ

(JQ
=

1� cos θ� −1� cos θ�
1� cos θ� +1� cos θ�

	���


XIFSF (J BOE (S TUBOE GPS UIF FMFDUSJD mFME BNQMJUVEF PG UIF JODJEFOU BOE UIF SFnFDUFE
MJHIU
 SFTQFDUJWFMZ� 1� BOE1� BSF UIF DPNQMFY SFGSBDUJWF JOEJDFT PG UXP JTPUSPQJD NFEJB
BOE θ JT UIF JODJEFOU BOHMF�
" HFOFSBM OVMM FMMJQTPNFUSZ TFU�VQ DPOTJTUT PG

t B MJHIU TPVSDF UIBU FNJUT VOQPMBSJ[FE MJHIU


t B MJOFBS QPMBSJ[FS UIBU DPOWFSUT VOQPMBSJ[FE MJHIU UP B MJOFBSMZ QPMBSJ[FE MJHIU


t B DPNQFOTBUPS UIBU DIBOHFT UIF QPMBSJ[BUJPO TUBUF PG UIF MJHIU XBWF UP QSPEVDF
FMMJQUJDBMMZ QPMBSJ[FE MJHIU CZ SFUBSEJOH JUT PSUIPHPOBM DPNQPOFOUT CZ EJĊFSFOU
BNPVOUT


t B TVSGBDF UIBU SFnFDUT UIF JODPNJOH MJHIU BOE UIFSFCZ DIBOHFT UIF TUBUF PG QP�
MBSJ[BUJPO PG UIF MJHIU


t BO BOBMZ[FS PS BOPUIFS MJOFBS QPMBSJ[FS


t B EFUFDUPS UIBU NFBTVSFT UIF SFnFDUFE MJHIU JOUFOTJUZ BGUFS UIF BOBMZ[FS�Ň�

��



ɨF mSTU UZQF PG FMMJQTPNFUFS EFWFMPQFE XBT B OVMM FMMJQTPNFUFS� ɨJT JT BMTP UIF
FMMJQTPNFUFS VTFE JO UIJT XPSL JO 1BQFS Ě� ɨF NBJO QSJODJQMF CFIJOE OVMM FMMJQTPNFUSZ
JT UIBU BU B DFSUBJO BOBMZ[FS BOE QPMBSJ[FS QPTJUJPOT UIF JOUFOTJUZ PG UIF MJHIU JT NJO�
JNJ[FE PS OVMMFE BU UIF EFUFDUPS EVF UP B QFSQFOEJDVMBS PSJFOUBUJPO PG UXP QPMBSJ[FST�ŇŅ

ɨF FMMJQTPNFUSZ NFBTVSFNFOUT XFSF DBSSJFE PVU PO UISFF UZQFT PG TVSGBDFT�
IZESPQIJMJD TJMJDB
 IZESPQIPCJ[FE TJMJDB BOE TQJO�DPBUFE DFMMVMPTF TVSGBDF� &BDI TJMJDB
XBGFS XBT DIBSBDUFSJ[FE JO BJS BOE MJRVJE JO PSEFS UP EFUFSNJOF UIF UIJDLOFTT PG B
TJMJDPO PYJEF MBZFS�

ɨF PCUBJOFE EBUB XBT mUUFE UP UIF NPEFM DPOUBJOJOH UIF GPMMPXJOH MBZFST�
4J0��DFMMVMPTF�IFNJDFMMVMPTF� ɨF TPGUXBSF 	&MMJQTP
 XBT VTFE UP DBMDVMBUF UIF
SFGSBDUJWF JOEFY 	Q
 BOE UIF PQUJDBM UIJDLOFTT PG UIF MBZFS 	G

 CBTFE PO UIF NFBTVSFE
Ź BOE Ψ BOHMFT� ɨF BETPSCFE BNPVOU 	Γ 
 XBT DBMDVMBUFE CZ BQQMZJOH &RVBUJPO ���

Γ =
G(Q− Q�)

GQ/GF
	���


XIFSF Q� JT UIF SFGSBDUJWF JOEFY PG UIF TPMWFOU BOE GQ/GF JT UIF SFGSBDUJWF JOEFY JODSF�
NFOU� 5BCMF ��� TIPXT GQ/GF WBMVFT VTFE UP DBMDVMBUF BETPSCFE BNPVOU JO $IBQUFS ��

5BCMF ��� EO�ED WBMVFT PG UIF QPMZTBDDIBSJEFT TUVEJFE JO $IBQUFS ��

1PMZTBDDIBSJEF GQ/GF <N- H−�> 3FG
-#(
 -#(�
 (( ����� Ň¤

((.T ����� Ň©
$FMMVMPTF ����� Ňņ

����� /FVUSPO 3FnFDUPNFUSZ 	/3


4JNJMBS UP FMMJQTPNFUSZ
 UIF SFnFDUJPO GSPN UIF TVSGBDF JT NFBTVSFE JO /3 FYQFSJ�
NFOUT� )PXFWFS
 UIF GPDVT IFSF JT PO UIF UPUBM JOUFOTJUZ PG UIF SFnFDUFE OFVUSPO CFBN
JOTUFBE PG UIF DIBOHF JO UIF QPMBSJ[BUJPO PG MJHIU� *O TQFDVMBS /3
 XIFSF UIF BOHMF
PG JODJEFODF JT FRVBM UP UIF BOHMF PG SFnFDUJPO
 UIF JOUFOTJUZ PG UIF SFnFDUFE OFVUSPO
CFBN JT NPOJUPSFE BT B GVODUJPO PG OFVUSPO NPNFOUVN USBOTGFS QFSQFOEJDVMBS UP UIF
SFnFDUJOH TVSGBDF
4[� ɨF NPNFOUVN USBOTGFS DBO CF DBMDVMBUFE GSPN UIF XBWFMFOHUI
	λ
 BOE UIF BOHMF 	θ
 PG JODJEFOU OFVUSPO CFBN
 HJWFO CZ UIF &RVBUJPO ���ŇŇ

4[ =
�Ż
λ

sin θ 	���


" OFVUSPO CFBN JT EJSFDUFE UPXBSET B TVSGBDF BU B HSB[JOH JODJEFOU BOHMF XIFSF EVF
UP JUT IJHI QFOFUSBUJOH QPXFS
 JU QSPQBHBUFT UISPVHI UIF TPMJE NFEJVN 	GPS FYBNQMF


��



TJMJDPO DSZTUBM
 BOE JT SFnFDUFE BU UIF JOUFSGBDF�Ňň ɨF PCUBJOFE TQFDVMBS SFnFDUJWJUZ
QSPmMF HJWFT JOGPSNBUJPO PO UIF UIJDLOFTT PG UIF MBZFS
 EFOTJUZ QSPmMF BOE JOUFSGBDF
SPVHIOFTT�ŇŇ

ɨF LFZ BEWBOUBHF PG VTJOH OFVUSPO TPVSDF BT B QSPCF JT UIF BCJMJUZ PG OFVU�
SPOT UP EJTUJOHVJTI CFUXFFO EJĊFSFOU JTPUPQFT
 GPS FYBNQMF
 �) BOE �)
 EVF UP
EJTUJODUMZ EJĊFSFOU TDBUUFSJOH MFOHUI EFOTJUJFT 	4-%
� #Z DIPPTJOH B TPMWFOU XJUI B
TQFDJmD %�0 BOE )�0 SBUJP BOE�PS TFMFDUJWFMZ EFVUFSBUFE NPMFDVMFT
 JU JT QPTTJCMF UP
iIJEFw TPNF QBSUT PG UIF MBZFS BOE iIJHIMJHIUw PUIFST�

*O UIJT XPSL
 UISFF JTPUPQJD TPMWFOU DPOUSBTUT XFSF VTFE� %�0
 )�0 BOE DPO�
USBTU NBUDIFE TJMJDPO XBUFS 	$.4J
� /3 NFBTVSFNFOUT XFSF QFSGPSNFE PO B
IZESPQIPCJ[FE TJMJDB 	1BQFS Ě
 BOE TQJO�DPBUFE G�DFMMVMPTF TVSGBDFT 	1BQFS ĚĚ
� #BSF
TJMJDB TVSGBDF XBT DIBSBDUFSJ[FE JO UISFF DPOUSBTUT BU UIF CFHJOOJOH PG FBDI FYQFSJNFOU�
8IFO UIF NFBTVSFNFOU JOWPMWFE DFMMVMPTF TVSGBDF
 UIF DIBSBDUFSJ[FE TJMJDB TVSGBDF XBT
UIFO TQJO�DPBUFE XJUI G�DFMMVMPTF TPMVUJPO BOE DIBSBDUFSJ[FE JO UISFF TPMWFOUT BHBJO�
ɨF TBNQMF XBT UIFO JOKFDUFE JO UIF DFMM BOE MFGU UP BETPSC UP FJUIFS IZESPQIPCJ[FE
PS DFMMVMPTF TVSGBDF GPS B DFSUBJO BNPVOU PG UJNF� "GUFS UIBU
 UIF TVSGBDF XBT SJOTFE
BOE DIBSBDUFSJ[FE JO BU MFBTU UXP DPOUSBTUT�

ɨF PCUBJOFE OFVUSPO SFnFDUJWJUZ DVSWFT XFSF BOBMZ[FE CZ mUUJOH XJUI "CFMFT
NBUSJY NFUIPE GPS B TUSBUJmFE JOUFSGBDF�ŇŉĐŇŋ

/3 NFBTVSFNFOUT XFSF QFSGPSNFE PO ."(*,
 1MBUZQVT BOE 10-3&' SFnFDUPNFU�
FST BWBJMBCMF BU $FOUFS GPS /FVUSPO 3FTFBSDI 	/*45
 64"

 "VTUSBMJBO /VDMFBS 4DJFODF
BOE 5FDIOPMPHZ 0SHBOJTBUJPO 	"/450
 "VTUSBMJB
 BOE 3VUIFSGPSE "QQMFUPO MBCPS�
BUPSZ 	6,

 SFTQFDUJWFMZ�

��



����� 2VBSU[ $SZTUBM .JDSPCBMBODF XJUI %JTTJQBUJPO 	2$.�%


'JHVSF ��� " TDIFNBUJD SFQSFTFOUBUJPO PG QSJODJQMFT CFIJOE 2$.�%

" 2$.�% NFBTVSFNFOU JOWPMWFT B QJF[PFMFDUSJD PTDJMMBUPS XIJDI JT FYDJUFE UP B OFBS
SFTPOBODF GSFRVFODZ XJUI BO BMUFSOBUJOH WPMUBHF ESJWJOH TPVSDF� $IBOHFT JO UIF NBTT
DBVTF B EFDSFBTF JO UIF SFTPOBOU GSFRVFODZ (ŹI ) PG UIF QJF[PFMFDUSJD DSZTUBM�ňŅ *G UIF
BEEFE NBTT JT SFMBUJWFMZ TNBMM
 SJHJE BOE FWFOMZ EJTUSJCVUFE PO UIF DSZTUBM
 UIF BETPSCFE
BNPVOU 	ŹP
 JT QSPQPSUJPOBM UP UIF DIBOHFT JO GSFRVFODZ
 HJWFO CZ UIF 4BVFSCSFZ
SFMBUJPOň� QSFTFOUFE CFMPX

ŹP =
&
Q
ŹI 	���


XIFSF & JT B QSPQPSUJPOBMJUZ DPOTUBOU BOE Q JT BO PWFSUPOF OVNCFS�

*O BEEJUJPO UP UIF DIBOHF JO GSFRVFODZ
 NPEFSO 2$. JOTUSVNFOUT BSF FRVJQQFE
UP NFBTVSF UIF FOFSHZ MPTT XIFO UIF WPMUBHF JT TXJUDIFE PĊ� ɨF EJTTJQBUJPO FOFSHZ
	Ź'
 JT TUSPOHMZ BĊFDUFE CZ UIF WJTDPFMBTUJD QSPQFSUJFT PG UIF BEEFE MBZFS
 UIFSFGPSF JT
BO JOEJDBUJPO PG UIF MBZFS SJHJEJUZ� ɨF 4BVFSCSFZ FRVBUJPO JT POMZ WBMJE JG UIF Ź' JT
CFMPX ��−�� 4FWFSBM BQQSPBDIFT IBWF CFFO EFWFMPQFE UP NPEFM WJTDPFMBTUJD mMNT XJUI
IJHI Ź' WBMVFT� ɨF NPTU DPNNPOMZ VTFE NPEFM JT UIF 7PJHU WJTDPFMBTUJD NPEFM
XIFSF UIF mMN JT EFTDSJCFE CZ B DPNQMFY TIFBS NPEVMVT

* = * ′ + L* ′′ = �G + L �ŻIηG = �G(� + L �ŻI τ) 	���


XIFSF �G
 ηG BOE τ JT UIF FMBTUJD TIFBS NPEVMVT
 UIF TIFBS WJTDPTJUZ BOE UIF DIBSBDUFSJTUJD
SFMBYBUJPO UJNF PG UIF mMN
 SFTQFDUJWFMZ� ɨF DIBOHF JO UIF SFTPOBOU GSFRVFODZ (ŹI )
BOE UIF EJTTJQBUJPO 	Ź'
 DBO CF UIFO EFSJWFE GSPN UIF WJTDPFMBTUJD QSPQFSUJFT PG UIF

��



mMN BT TIPXO JO &RVBUJPO ��� BOE &RVBUJPO ���

ŹI =
,P(β)

�ŻWTρT
	���


BOE
Ź' = −

5H(β)
ŻIWTρT

	���


XIFSF WT JT UIF UIJDLOFTT BOE ρT JT UIF EFOTJUZ PG UIF RVBSU[ TVSGBDF� β EFQFOET PO
UIF UIJDLOFTT BOE EFOTJUZ PG UIF mMN BOE JT EFTDSJCFE JO EFUBJM FMTFXIFSF�ňŅ

2$.�% FYQFSJNFOUT XFSF QFSGPSNFE VTJOH RVBSU[ DSZTUBMT DPBUFE XJUI B 4J0�
MBZFS 	249 ���
 2�4FOTF
 XJUI B QSPQPSUJPOBMJUZ DPOTUBOU PG ����� OH · T · DN−� BOE
� .)[ SFTPOBOU GSFRVFODZ� ɨF PCUBJOFE DIBOHF JO GSFRVFODZ BOE EJTTJQBUJPO XFSF
BOBMZ[FE CZ mUUJOH UIF 7PJHU WJTDPFMBTUJD NPEFMň¤ UP UIF FYQFSJNFOUBM EBUB VTJOH
%mOE TPGUXBSF 	24FODF
 #JPMJO 4DJFOUJmD
�

����� "UPNJD 'PSDF .JDSPTDPQZ 	"'.


"UPNJD 'PSDF .JDSPTDPQZ XBT mSTU JOUSPEVDFE JO ���� BOE IBT TJODF CFFO XJEFMZ VTFE
BT BO JNBHJOH UPPM GPS B SBOHF PG BQQMJDBUJPOT�ň©ĐňŇ *O DPOUSBTU UP PUIFS NJDSPTDPQZ
UFDIOJRVFT
 "'. JT BO JOEJSFDU JNBHJOH UFDIOJRVF XIFSF UIF JNBHF JT DSFBUFE CBTFE
PO UIF QSPCF�TBNQMF JOUFSBDUJPOT� ɨF "'. QSPCF DPOTJTUT PG B TIBSQ UJQ BUUBDIFE
UP B nFYJCMF NJDSPDBOUJMFWFS UIBU JT LFQU BU B EJTUBODF SFMBUJWF UP UIF TBNQMF TVSGBDF�
ɨF "'. QSPCF DBO CF PQFSBUFE JO DPOUBDU PS OPO�DPOUBDU NPEF� *O DPOUBDU NPEF

UIF CFOEJOH PG UIF DBOUJMFWFS DBVTFE CZ UIF GPSDFT CFUXFFO UIF UJQ BOE UIF TBNQMF
JT USBDFE CZ B MBTFS CFBN SFnFDUFE PĊ PG UIF DBOUJMFWFS�ňŇùňň *O OPO�DPOUBDU NPEF

UIF UJQ JT QPTJUJPOFE BU B MBSHFS EJTUBODF GSPN UIF TBNQMF XIFSF UIF BUUSBDUJWF GPSDFT
CFUXFFO UIF UJQ BOE UIF TBNQMF BSF EPNJOBOU� ɨF UJQ JT NPWFE BDSPTT UIF TBNQMF
XIJMF PTDJMMBUJOH BU B SFTPOBOU GSFRVFODZ� ɨF BUUSBDUJWF JOUFSBDUJPOT XJUI UIF TVSGBDF
MFBE UP B DIBOHF JO UIF SFTPOBOU GSFRVFODZ BOE IFODF JO UIF WJCSBUJPOBM BNQMJUVEF�
ɨFTF DIBOHFT BSF UIFO DPOWFSUFE UP UIF ] EJNFOTJPO UP QSPEVDF B UPQPHSBQIJDBM
QSPmMF PG UIF TVSGBDF�ňň *NBHJOH JO BJS XBT QFSGPSNFE VTJOH TJMJDPO DBOUJMFWFS XJUI
�� /�N TQSJOH DPOTUBOU BOE ��� L)[ SFTPOBODF GSFRVFODZ
 XIFSFBT JO MJRVJE NPEF

TJMJDPO UJQ XJUI � /�N TQSJOH DPOTUBOU BOE �� L)[ SFTPOBODF GSFRVFODZ XBT VUJMJ[FE�

��



����� "UUFOVBUFE UPUBM SFnFDUBODF 'PVSJFS USBOTGPSN JOGSBSFE TQFDUSPTDPQZ
	"53�'5*3


*OGSBSFE 	*3
 TQFDUSPTDPQZ JT BO BOBMZUJDBM UFDIOJRVF UIBU HJWFT JOGPSNBUJPO PO
NPMFDVMBS TUSVDUVSF BOE JOUFSBDUJPOT JO UIF TBNQMF� "T PQQPTFE UP USBEJUJPOBM *3

JO UIF '5*3 TQFDUSPNFUFST UIF JOGSBSFE SBEJBUJPO JT TQMJU JOUP UXP QBSUT XIJDI BSF
SFnFDUFE GSPN B TUBUJPOBSZ BOE B NPWJOH NJSSPS� ɨF SFnFDUFE MJHIU JT SFDPNCJOFE
BU UIF CFBN TQMJUUFS QSPEVDJOH DPOTUSVDUJWF BOE EFTUSVDUJWF JOUFSGFSFODFT� 'PVSJFS
USBOTGPSNBUJPO JT UIFO VTFE UP DPOWFSU UIF JOUFSGFSFODF QBUUFSO PS JOUFSGFSPHSBN UP
UIF GSFRVFODZ EPNBJO�ňŉùňŊ

*O "53�'5*3 TQFDUSPTDPQZ
 B TBNQMF JT QMBDFE JO DPOUBDU XJUI B DSZTUBM UIBU
IBT B IJHIFS SFGSBDUJWF JOEFY UIBO UIF TBNQMF TVDI BT EJBNPOE BOE [JOD TFMFOJEF�
8IFO UIF *3 SBEJBUJPO CFBN SFBDIFT UIF JOUFSGBDF CFUXFFO UIF TBNQMF BOE UIF
DSZTUBM
 JU JT UPUBMMZ SFnFDUFE EVF UP UIF EJĊFSFODF JO SFGSBDUJWF JOEJDFT� ɨJT DBVTFT B
GSBDUJPO PG UIF CFBN UP FYUFOE JOUP UIF TBNQMF BT BO FWBOFTDFOU XBWF UIBU IBT UIF
TBNF GSFRVFODZ BT UIF JODPNJOH CFBN� ɨF TBNQMF BCTPSCT QBSU PG *3 SBEJBUJPO JO
UIF FWBOFTDFOU XBWF BOE UIF JOUFOTJUZ PG UIF UPUBMMZ SFnFDUFE CFBN JT UIVT SFEVDFE PS
BUUFOVBUFE�ňŊ

"53�'5*3 TQFDUSPTDPQZ XBT VTFE UP JOWFTUJHBUF DSZTUBMMJOF QSPQFSUJFT PG UIF
CBDUFSJBM DFMMVMPTF mMNT� ɨJT XBT EPOF CZ FMVDJEBUJOH UIF BNPVOU PG JOBDDFTTJCMF
IZESPYZM HSPVQT JO UIF QPMZNFS OFUXPSL PG DFMMVMPTF� %FVUFSBUFE BOE OPO�EFVUFSBUFE
DFMMVMPTF TPMVUJPO XBT TQJO�DPBUFE PO UIF '5*3 EJBNPOE DSZTUBM JO B TJNJMBS NBOOFS
BT GPS FMMJQTPNFUSZ BOE /3� %SZ DFMMVMPTF mMNT XFSF mSTU NFBTVSFE VOEFS BNCJFOU
DPOEJUJPOT BOE UIFO TVCKFDUFE UP B %�0 WBQPS FOWJSPONFOU� 0ODF UIF FYDIBOHF
IBT SFBDIFE TUFBEZ TUBUF
 UIF OVNCFS PG UIF FYDIBOHFE �0) HSPVQT 	U0)
 XBT
EFUFSNJOFE VTJOH &RVBUJPO ����ňŋĐŉ�

U0) =
�.�� · $0%

�.�� · $0% +$0)
	����


XIFSF $0% BOE $0) BSF UIF JOUFHSBUFE BSFB PG UIF QFBLT CFUXFFO ���� � ���� DN−�

BOE ���� � ���� DN−�
 SFTQFDUJWFMZ�

��� 4DBUUFSJOH UFDIOJRVFT

4P GBS
 * IBWF EFTDSJCFE UFDIOJRVFT UIBU FJUIFS SFRVJSF B TVSGBDF PS TBNQMF JT DIBSBDUFS�
J[FE JO SFMBUJPO UP B TVSGBDF� )PXFWFS
 TVSGBDF BĊFDUT UIF TUSVDUVSF BOE NPSQIPMPHZ
PG UIF TBNQMF EVF UP EJĊFSFOU LJOET PG JOUFSBDUJPOT� ɨJT TVCTFDUJPO GPDVTFT PO UIF

��



UFDIOJRVFT UIBU DBO CF VTFE UP DIBSBDUFSJ[F UIF TUSVDUVSF BOE PUIFS QSPQFSUJFT PG BO
PCKFDU JO B TPMVUJPO PS B EJTQFSTJPO�

����� 4UBUJD 4DBUUFSJOH

4DBUUFSJOH UFDIOJRVFT GPMMPX JOUFSBDUJPOT CFUXFFO BO PCKFDU JO TPMVUJPO BOE B
SBEJBUJPO TPVSDF� 8IFO B SBEJBUJPO CFBN JOUFSBDUT XJUI B QBSUJDMF JO JUT QBUI
 UIF
USBKFDUPSZ PG UIF CFBN XJMM CF EFnFDUFE PS JO PUIFS XPSET UIF SBEJBUJPO FOFSHZ JT
TDBUUFSFE� ɨF JOUFOTJUZ PG UIF TDBUUFSFE FOFSHZ DBO CF VTFE UP EFUFSNJOF UIF TUSVDUVSF
PG UIF QBSUJDMF QSPWJEFE UIBU UIF TDBUUFSJOH JT FMBTUJD 	UIFSF JT OP FOFSHZ MPTT JO UIF
QSPDFTT
 BOE UIF JOUFOTJUZ DPNFT TPMFMZ GSPN UIF QSJNBSZ TDBUUFSJOH�ŉ¤ùŉ©

ɨF NPTU DPNNPOMZ VTFE SBEJBUJPO TPVSDFT BSF MJHIU
 Y�SBZT BOE OFVUSPOT�
&BDI PG UIF TPVSDFT JOUFSBDU XJUI EJĊFSFOU QBSUT PG UIF TBNQMF� 7JTJCMF MJHIU BOE Y�SBZ
CFBN JOUFSBDU XJUI FMFDUSPOT PG BUPNT BOE UIF EJĊFSFODF JO FMFDUSPO EFOTJUZ CFUXFFO
B TBNQMF BOE B TPMWFOU EFUFSNJOFT UIF DPOUSBTU� /FVUSPOT
 PO UIF PUIFS IBOE

JOUFSBDU XJUI UIF OVDMFJ PG BUPNT BOE BSF UIFSFGPSF TFOTJUJWF UP EJĊFSFOU JTPUPQFT BT
NFOUJPOFE FBSMJFS JO UIF /FVUSPO 3FnFDUPNFUSZ TVCTFDUJPO�

ɨF TDBUUFSFE SBEJBUJPO SFDPSEFE BU EJĊFSFOU TDBUUFSJOH BOHMFT θ DBO CF EFTDSJCFE CZ
B TDBUUFSJOH WFDUPS 	−→T 
� ɨF NBHOJUVEF PG UIF TDBUUFSJOH WFDUPS JT HJWFO CZ

T = |−→T | = �Ż
λ�

sin(
θ

�
) 	����


XIFSF λ� JT UIF XBWFMFOHUI PG UIF JODPNJOH SBEJBUJPO CFBN� ɨF JOUFOTJUZ PG TDBUUFSJOH
SFTVMUT GSPN OVNCFS EFOTJUZ 	1Q

 WPMVNF PG B QBSUJDMF 	9Q

 DPOUSBTU PS EJĊFSFODF
JO 4-% CFUXFFO UIF TBNQMF BOE UIF TPMWFOU 	Źρ

 GPSN GBDUPS 	3(T)
 BOE TUSVDUVSF
GBDUPS 	6(T)
� *OUFOTJUZ 	,(T)
 JT UIFO EFUFSNJOFE CZ

,(T) = 1Q9 �
QŹρ

�3(T)6(T) + EDFNJURXQG. 	����


'PSN GBDUPS BOE TUSVDUVSF GBDUPS HJWF JOGPSNBUJPO PO JOUSB� BOE JOUFS�QBSUJDMF
JOUFSBDUJPOT
 SFTQFDUJWFMZ� 4DBUUFSJOH NFBTVSFNFOUT BSF VTVBMMZ QFSGPSNFE JO B EJMVUF
SFHJNF JO PSEFS UP BWPJE JOUFS�QBSUJDMF JOUFSBDUJPOT� 4JODF UIF TDBUUFSJOH JOUFOTJUZ
JO TVDI SFHJNF JT NBJOMZ BĊFDUFE CZ 3(T)
 UIF TJ[F BOE TIBQF PG B QBSUJDMF DBO CF
EFUFSNJOFE NPSF FBTJMZ�

ɨF BOBMZTJT PG TUBUJD TDBUUFSJOH EBUB DBO CF EPOF JO TFWFSBM XBZT� 4PNF QBSB�
NFUFST DBO CF DBMDVMBUFE EJSFDUMZ GPSN B TDBUUFSJOH DVSWF CBTFE PO TDBUUFSJOH UIFPSZ�
0OF PG TVDI QBSBNFUFST JT SBEJVT PG HZSBUJPO 	5H
� 5H JT BO JOEJDBUJPO PG UIF TJ[F PG

��



B QBSUJDMF BOE JO DPNCJOBUJPO XJUI IZESPEZOBNJD SBEJVT 	5I
 HJWFT JOGPSNBUJPO PO
UIF TIBQF�

5H JT DBMDVMBUFE CBTFE PO (VJOJFS BQQSPYJNBUJPO XIJDI JT POMZ WBMJE BU MPX T�
WBMVFT XIFSF T5H < �� ɨF TDBUUFSJOH JOUFOTJUZ JO UIJT T SFHJPO JT BQQSPYJNBUFE UP CF
UIF SFTVMU PG UIF [FSP BOHMF TDBUUFSJOH 	,�
 BOE 5H BT TIPXO JO &RVBUJPO ����ŉ¤

,(T) = ,�H
−(T5()�

� . 	����


.VMUJQMF BQQSPBDIFT IBWF CFFO EFWFMPQFE GPS UIF DBMDVMBUJPO PG 5H� .PTU PG UIFN
JOWPMWF QMPUUJOH POF PS UIF PUIFS WBSJBOU PG TDBUUFSJOH JOUFOTJUZ BT B GVODUJPO PG
T�� 3BEJVT PG HZSBUJPO PG IFNJDFMMVMPTF EFTDSJCFE JO 	1BQFS ĚĚ
 XBT DBMDVMBUFE VTJOH
;JNN QMPU BQQSPBDI JO XIJDI B QMPU PG ,(T)−� WFSTVT T� JT DPOTUSVDUFE�

4DBUUFSJOH QSPmMFT PG PCKFDUT XJUI B IJHIMZ PSEFSFE BSSBOHFNFOU JO UIFJS TUSVD�
UVSF MJLF MJQJE MJRVJE DSZTUBMMJOF 	--$
 QIBTFT DPOUBJO XFMM�EFmOFE QFBLT
 BMTP LOPXO
BT #SBHH QFBLT� ɨFTF QFBLT SFTVMU GSPN DPOTUSVDUJWF JOUFSGFSFODFT BOE BQQFBS JG UIF
#SBHH DPOEJUJPO JT GVMmMMFEŉņ

Q λ = �G sin (
θ

�
) 	����


XIFSF Q JT BO JOUFHFS
 λ JT UIF XBWFMFOHUI PG SBEJBUJPO
 G JT UIF EJTUBODF CFUXFFO DSZT�
UBMMJOF QMBOFT BOE θ JT UIF TDBUUFSJOH BOHMF� ɨF SBUJP CFUXFFO T QPTJUJPOT PG UIF #SBHH
QFBLT JOEJDBUFT UIF UZQF PG --$ QIBTF� 'VSUIFS EFQFOEJOH PO UIF --$ UZQF
 B MBUUJDF
QBSBNFUFS 	D
 BOE XBUFS DIBOOFM SBEJVT 	UX
 DBO CF EFUFSNJOFE� 'PS B CJDPOUJOVPVT
DVCJD QIBTF UIFTF QBSBNFUFST BSF DBMDVMBUFE GSPNŉŇ

D = G
√
K� + N� + O� 	����


BOE

UX = (D− O)

√
$�

−�Żχ
	����


XIFSF K
 N BOE O BSF UIF .JMMFS JOEJDFT EFTDSJCJOH DSZTUBMMJOF QMBOFT
 χ BOE $� BSF
UIF &VMFS DIBSBDUFSJTUJD BOE UIF TVSGBDF BSFB PG UIF JOmOJUF QFSJPEJD NJOJNBM TVSGBDF
	*1.4
 HFPNFUSZ�

"OPUIFS XBZ PG FWBMVBUJOH TUBUJD TDBUUFSJOH EBUB JT CZ BQQMZJOH B DFSUBJO UIFPS�
FUJDBM NPEFM� ɨJT NFUIPE
 IPXFWFS
 SFRVJSFT DFSUBJO LOPXMFEHF BCPVU UIF TZTUFN
QSJPS UP BOBMZTJT UP mOE UIF DPSSFDU NPEFM� ɨFSFGPSF
 DPNQMFNFOUBSZ NFBTVSFNFOUT
MJLF EZOBNJD MJHIU TDBUUFSJOH PS NJDSPTDPQZ BSF PGUFO SFRVJSFE UP HJWF BO JOEJDBUJPO

��



PG TUSVDUVSF PS UP DPOmSN UIF PCUBJOFE SFTVMU� .PEFMT VTFE GPS UIF BOBMZTJT PG
4NBMM "OHMF 9�SBZ TDBUUFSJOH EBUB PG TPGUXPPE IFNJDFMMVMPTF
 IFNJDFMMVMPTF TUBCJMJTFE
OBOPQBSUJDMFT BOE Q/*1"N�NBOOBO DP�QPMZNFST BSF EFTDSJCFE JO EFUBJM JO $IBQUFS ��

����� %ZOBNJD 4DBUUFSJOH

%ZOBNJD MJHIU TDBUUFSJOH GPMMPXT B QBSUJDMF VOEFSHPJOH #SPXOJBO NPUJPO JO B TPMV�
UJPO� ɨF NPWJOH QBSUJDMF XJMM DBVTF TDBUUFSJOH JOUFOTJUZ nVDUVBUJPOT UIBU JO UVSO DBO
CF SFMBUFE UP UIF NPCJMJUZ PS EJĊVTJPO EFTDSJCFE CZ UIF EJĊVTJPO DPOTUBOU
 '
 PG UIF
QBSUJDMF� ɨF 4UPLFT�&JOTUFJO SFMBUJPO DBO CF VTFE UP FYUSBDU B IZESPEZOBNJD SBEJVT

5I
 GSPN UIF EJĊVTJPO DPFċDJFOU

' =
N#7

�Żη5I
	����


XIFSF N# JT #PMU[NBOO�T DPOTUBOU
 7 JT UIF BCTPMVUF UFNQFSBUVSF
 η JT UIF WJTDPTJUZ PG
UIF TPMWFOU�

ɨF EJĊVTJPO DPFċDJFOU JT EFUFSNJOFE GSPN BO JOUFOTJUZ BVUP�DPSSFMBUFE GVOD�
UJPO� ɨF JOUFOTJUZ nVDUVBUJPO JT NFBTVSFE PWFS B DFSUBJO UJNF XJUI B WFSZ TNBMM
UJNF TUFQ� ɨF JOUFOTJUZ BU FBDI UJNF TUFQ JT UIFO DPSSFMBUFE UP UIF JOJUJBM JOUFOTJUZ
BOE QMPUUFE BT B GVODUJPO PG UJNF TUFQ PS MBH UJNF 	τ
� /PSNBMJ[FE JOUFOTJUZ
BVUP�DPSSFMBUJPO GVODUJPO JT HJWFO CZ 4JFHFSU SFMBUJPOŉň

J(�)(T, τ) = � + β
(
J(�)(T, τ)

)� 	����


XIFSF β JT BO JOTUSVNFOUBM DPOTUBOU
 J(�)(T, τ) JT UIF OPSNBMJTFE UJNF BVUP�
DPSSFMBUJPO GVODUJPO PG UIF FMFDUSPNBHOFUJD mFME�

*O PSEFS UP EFUFSNJOF EJĊVTJPO DPFċDJFOU GPS B QPMZEJTQFSTF TBNQMF XJUI TQIFSJDBM
QBSUJDMFT
 NFUIPE PG DVNVMBOUT JT PGUFO BQQMJFE�ŉŉ *O UIJT NFUIPE
 UIF mFME DPSSFMBUJPO
GVODUJPO JT HJWFO CZ -BQMBDF USBOTGPSN PG SFMBYBUJPO SBUFT 	3(Γ)


J(�)(τ) ≡
∫∞

�
3(Γ)H−ΓτG Γ 	����


XIFSF UIF SFMBYBUJPO SBUF JT Γ = −T�' BOE
∫
3(Γ)G Γ = �� ɨF FYQPOFOUJBM JT

MJOFBSBMJ[FE BOE ZJFMET UIF TP�DBMMFE ;�BWFSBHFE SFMBYBUJPO SBUF (Γ)

ln(J(�)) = −Γτ+
�
�

(Γ �
− Γ

�

Γ
�

)
(Γτ)� + ... 	����


��



*O BEEJUJPO
 UIF QPMZEJTQFSTJUZ PG TQIFSJDBM QBSUJDMFT DBO CF EFUFSNJOFE GSPN UIF
TFDPOE UFSN JO &RVBUJPO �����ŉ¤

��� $SZPHFOJD 5SBOTNJTTJPO &MFDUSPO .JDSPTDPQZ 	DSZP�
5&.


$SZP�5&. JT B NJDSPTDPQZ UFDIOJRVF UIBU BMMPXT JNBHJOH PG B CJPMPHJDBM TBNQMF
JO B TPMVUJPO TUBUF� ɨJT JT BDIJFWFE CZ SBQJEMZ GSFF[JOH UIF TBNQMF PO B DBSCPO
HSJE� " TNBMM BNPVOU PG TBNQMF JT QMBDFE PO UIF DBSCPO HSJE XIJDI JT UIFO QMVOHFE
JOUP MJRVJE FUIBOF BU ���� ◦$ UP BWPJE JOUSPEVDUJPO PG JDF DSZTUBMT� ɨF JNBHJOH JT
QFSGPSNFE JO GSP[FO TUBUF BU MJRVJE OJUSPHFO PS IFMJVN UFNQFSBUVSFT 	∼ ����◦$
�ŉŊĐŊŅ

ɨF GSP[FO TBNQMF JT QMBDFE JO UIF NJDSPTDPQF XIFSF BO FMFDUSPO CFBN JT EJS�
FDUFE UPXBSET UIF HSJE� &MFDUSPNBHOFUJD MFOTFT BSF VTFE UP GPDVT UIF TDBUUFSFE
FMFDUSPOT BOE NBHOJGZ UIF JNBHF BU UIF EFUFDUPS�Ŋ�

$SZP�5&. XBT VTFE UP JNBHF TPGUXPPE IFNJDFMMVMPTF JO 1BQFS Ě BOE IFNJ�
DFMMVMPTF TUBCJMJTFE DVCPTPNFT JO 1BQFS ĚĚĚ� *O BEEJUJPO
 UIF TUSVDUVSF PG OPWFM
HMZDPQPMZNFST XBT DBQUVSFE BU ��◦$ BOE ��◦$ JO 1BQFS Ěħ�

��� 5FOTJPNFUSZ

*O PSEFS UP EFUFSNJOF DSJUJDBM NJDFMMF DPODFOUSBUJPO 	$.$
 PG IFYZM PMZHPTJEFT
 TVS�
GBDF UFOTJPO (γ) XBT NFBTVSFE BU EJĊFSFOU DPODFOUSBUJPOT 	TFF 1BQFS Ě
 XJUI B QFOEBOU
ESPQ UFDIOJRVF� ɨF TIBQF PG UIF ESPQ JT DBQUVSFE BOE SFMBUFE UP UIF TVSGBDF UFOTJPO
UISPVHI UIF :PVOH�-BQMBDF FRVBUJPO XIJDI EFTDSJCFT UIF -BQMBDF QSFTTVSF BDSPTT B
DVSWFE JOUFSGBDFŊ¤ùŊ©

γ(
�
5�

+
�
5�

) = Ź3 ≡ Ź3� − ŹρJ] 	����


XIFSF 5� BOE 5� BSF UIF QSJODJQBM DVSWBUVSF SBEJJ
 Ź3 JT UIF EJĊFSFODF JO -BQMBDF
QSFTTVSF BDSPTT UIF DVSWFE JOUFSGBDF
 Źρ JT UIF EFOTJUZ EJĊFSFODF
 J JT UIF HSBWJUBUJPOBM
BDDFMFSBUJPO BOE ] JT UIF WFSUJDBM IFJHIU PG UIF ESPQ�

��





� *OUFSBDUJPOT CFUXFFO IFNJDFM�
MVMPTF BOE DFMMVMPTF

*OUFSBDUJPOT CFUXFFO IFNJDFMMVMPTF BOE DFMMVMPTF IBWF CFFO B SFTFBSDI UPQJD GPS NBOZ
ZFBST� ɨJT IBT IFMQFE UP JNQSPWF PVS LOPXMFEHF BCPVU UIF BSDIJUFDUVSF JOTJEF QMBOU
DFMM XBMMT
 BT XFMM BT UP EFTJHO BOE VTF UIFTF NBUFSJBMT JO B SBOHF PG BQQMJDBUJPOT� ɨF
mSTU QBSU PG UIJT DIBQUFS JT GPDVTFE PO FWBMVBUJOH UIF OBUVSF PG UIF JOUFSBDUJPOT BOE
JO UIF TFDPOE QBSU UIF BETPSQUJPO PG IFNJDFMMVMPTF UP DFMMVMPTF TVSGBDF JO SFMBUJPO UP
mMN DSZTUBMMJOJUZ JT EJTDVTTFE�

ɨF EJTDVTTJPO JO UIJT DIBQUFS XJMM JOWPMWF mWF IFNJDFMMVMPTF TBNQMFT XJUI
WBSZJOH NPMFDVMBS XFJHIU BOE DPNQPTJUJPO UIBU PSJHJOBUF GSPN TFFET BOE TQSVDF�
4JODF UIFTF QPMZTBDDIBSJEFT DPOUBJO NBOOPTF BT UIF NBJO DPOTUJUVFOU
 * XJMM SFGFS UP
UIFN BT NBOOBO�CBTFE QPMZTBDDIBSJEFT PS TJNQMZ NBOOBOT� 4QSVDF IFNJDFMMVMPTFT PS
HBMBDUPHMVDPNBOOBOT 	((.T
 XFSF PCUBJOFE GSPN UIFSNPNFDIBOJDBM QVMQ QSPDFTT
XBUFST 	5.1�((.
 BOE GSPN TQSVDF DIJQT UIBU XFSF TVCKFDUFE UP TUFBN FYUSBDUJPO
	41�((.
� 4FFE IFNJDFMMVMPTFT PS HBMBDUPNBOOBOT 	(.T

 PO UIF PUIFS IBOE
 BSF
DPNNFSDJBMMZ BWBJMBCMF CVU PSJHJOBUF GSPN UIF TFFE FOEPTQFSN PG UIF DBSPC USFF
$FSBUPOJB TJMJRVF -� 	-PDVTU CFBO HVN
 BOE UIF TFFE PG $ZBNPQTJT UFUSBHPOPMPCB 	(VBS
HVN
� " NPSF EFUBJMFE EFTDSJQUJPO PG UIF FYUSBDUJPO BOE BOBMZTJT PG UIF TBNQMFT DBO
CF GPVOE JO 1BQFS Ě� " TVNNBSZ PG UIF NPOPNFS DPNQPTJUJPO PG UIF TBNQMFT JT
TIPXO JO 5BCMF ����

��



5BCMF ��� %FOPUBUJPO
 NPMFDVMBS XFJHIU BOE DIFNJDBM DPNQPTJUJPO PG UIF NBOOBOT TUVEJFE JO
UIJT DIBQUFS�

4BNQMF %FOPUBUJPO .PMFDVMBS XFJHIU <L%B> .PMBS SBUJP
.BO (BM (MD "DFUZM "SB 9ZM

(VBS HVN (( ����� �� ��

-PDVTU CFBO HVN -#( ����� �� ��
-#(� ����� �� ��

(BMBDUPHMVDPNBOOBO 	((.
 5.1 ���� �� �� �� ��
41 ��� �� � �� � � �

��� 0O UIF JOUFSBDUJPOT PG TPGUXPPE IFNJDFMMVMPTF XJUI DFMMV�
MPTF TVSGBDFT JO SFMBUJPO UP NPMFDVMBS TUSVDUVSF BOE QIZTJ�
DPDIFNJDBM QSPQFSUJFT PG IFNJDFMMVMPTF

����� )FNJDFMMVMPTF QSPQFSUJFT JO TPMVUJPO

ɨF CFIBWJPS PG IFNJDFMMVMPTF QPMZTBDDIBSJEFT JO TPMVUJPO XBT JOWFTUJHBUFE XJUI
%-4 BOE 4-4� *O BEEJUJPO
 B NPSF EFUBJMFE DIBSBDUFSJ[BUJPO PG 5.1 BOE 41 ((.
TBNQMFT XBT EPOF VUJMJ[JOH 4"94�

5BCMF ��� QSFTFOUT UIF BWFSBHF SBEJVT PG HZSBUJPO 	5H

 IZESPEZOBNJD SBEJVT
	5I
 BOE UIF SBUJP CFUXFFO UIF UXP QBSBNFUFST UIBU HJWFT BO JOEJDBUJPO PG UIF TIBQF
UIBU B QPMZNFS UBLFT JO TPMVUJPO� ((. TBNQMFT IBWF 5H PG ��� ON 	5.1
 BOE ��
ON 	41
 BOE 5I PG ��� ON 	5.1
 BOE �� ON 	41
� )PXFWFS
 JG XF BTTVNF UIBU B
TJOHMF TVHBS NPOPNFS IBT B NPMFDVMBS XFJHIU PG ���� L%B BOE EJNFOTJPOT PG ��� ON

UIFO UIF MFOHUI PG B GVMMZ TUSFUDIFE QPMZNFS XPVME CF �� ON BOE �� ON GPS ���� L%B
BOE ��� L%B NPMFDVMBS XFJHIU
 SFTQFDUJWFMZ� ɨFTF WBMVFT BSF TJHOJmDBOUMZ TNBMMFS
UIBO UIF PCUBJOFE SFTVMUT GSPN MJHIU TDBUUFSJOH JOEJDBUJOH UIBU UIF ((.T BHHSFHBUF
JO TPMVUJPO� ɨJT PCTFSWBUJPO JT DPOmSNFE CZ DSZP�5&. JNBHF PG 5.1�((.
TBNQMF QSFTFOUFE JO 'JHVSF ���
 XIFSF BO BHHSFHBUF PG ∼ ��� ON JO EJBNFUFS DBO CF
TFFO� 4JNJMBS UZQF PG BHHSFHBUFE TUSVDUVSFT CVU FWFO MBSHFS JO TJ[F
 QPTTJCMZ EVF UP B
IJHIFS NPMFDVMBS XFJHIU BOE TBNQMF DPODFOUSBUJPO
 XFSF SFQPSUFE JO MJUFSBUVSF GPS B
DPNQBSBCMF ((. QSFQBSBUJPO�Ŋņ

��



'JHVSF ��� $SZP�5&. JNBHF PG 5.1�((. TBNQMF BU ��� NH N-−�� 5IF TDBMF CBS JU ��� ON�

ɨF PCUBJOFE 5H BOE 5I WBMVFT GPS HVBS HVN BOE MPDVTU CFBO HVN BSF NVDI TNBMMFS
UIBO UIF FYQFDUFE DPOUPVS MFOHUI 	MFOHUI PG B GVMMZ TUSFUDIFE QPMZNFS
 PG UIF DPSSFT�
QPOEJOH QPMZNFST TVHHFTUJOH UIBU UIF QPMZTBDDIBSJEFT BSF OPU JO BO BHHSFHBUFE TUBUF�
$PNQBSBCMF5H IBWF CFFO QSFWJPVTMZ SFQPSUFE JO MJUFSBUVSF�ŊŇùŊň #BTFE PO UIF5H�5I

CPUI 5.1 BOE 41 BTTFNCMF JOUP FMPOHBUFE BHHSFHBUFT XIJMF UIF DIBJOT PG -#( BOE
(( TFFN UP UBLF B HMPCVMBS TIBQF JO TPMVUJPO�Ŋŉ

5BCMF ��� .PMFDVMBS XFJHIU
 SBEJVT PG HZSBUJPO 	5H

 IZESPEZOBNJD SBEJVT 	5I
 BOE 5H�5I PG
UIF NBOOBO�CBTFE QPMZTBDDIBSJEFT�

08 <L%B> 5H <ON> 5I <ON> 5H�5I

((. 5.1 ���� ��� ��� ± � ����
41 ��� �� �� ± � ����

-PDVTU CFBO HVN -#(� ����� �� �� ± �� ����
-#( ����� ��� ��� ± �� ����

(VBS HVN (( ����� �� �� ± �� ����

4"94 NFBTVSFNFOUT XFSF QFSGPSNFE UP HBJO NPSF JOTJHIU JOUP UIF BSSBOHFNFOU PG
((. QPMZNFST JO TPMVUJPO� 'JHVSF ��� TIPXT 4"94 TDBUUFSJOH QBUUFSOT PG 5.1 BOE
41 ((.� "QBSU GSPN UIF TIJGU PG UIF QPXFS�MBX EFDBZ GSPN ����� BU MPX T UP ���� BU
IJHI T GPS 5.1 BOE ���� UP ����� GPS 41
 UIF TDBUUFSJOH DVSWFT EP OPU QSFTFOU EJTUJODU
GFBUVSFT� 4VDI CFIBWJPS JT DIBSBDUFSJTUJD UP GSBDUBM�MJLF TUSVDUVSFT 	'JHVSF ���
�

��



100

101

102

103

104

105

106

I(q
)/

c [
cm

2  g
-1

]

2 3 4 5 6
0.01

2 3 4 5 6
0.1

2 3 4

q [Å-1]

-1.85

-1.0

-1.7

-0.95

 TMP GGM 
 SP GGM 

'JHVSF ��� 4"94 DVSWFT PG UIF 5.1 	MJHIU SFE
 BOE 41 	HSFFO
 BU �� NH N-−�� 4PMJE CMBDL MJOFT
SFQSFTFOU B UIFPSFUJDBM mU UP UIF DPSSFDUFE #FBVDBHF NPEFM� 5IF TDBUUFSJOH DVSWF PG UIF 5.1
XBT TIJGUFE VQXBSET CZ B GBDUPS PG �� GPS DMBSJUZ�

ɨF TDBUUFSJOH JOUFOTJUZ WFSTVT T DBO UIFSFGPSF CF EFTDSJCFE CZ B NBTT GSBDUBM NPEFM
,(T) ∼ T−G XIFSF G JT UIF FYQPOFOU PG UIF TDBUUFSJOH DVSWF 	CFUXFFO �� BOE ��
 GPS
NBTT GSBDUBMT
�ŊŊ ɨF FYQPOFOU PG �� BU IJHI T JT DIBSBDUFSJTUJD UP SPE�MJLF TIBQF CFMPX
UIF QFSTJTUFODF MFOHUI 	/Q
 PG UIF QPMZNFS� 4VDI TDBUUFSJOH QSPmMFT DBO CF mUUFE
UP UIF DPSSFDUFE #FBVDBHF NPEFM UIBU SFQSFTFOUT GSBDUBM NPSQIPMPHZ GPSNFE GSPN
nFYJCMF DZMJOEFST�ŊŊùŊŋ

ɨF #FBVDBHF BOBMZTJT HJWFT UXP SBEJJ PG HZSBUJPO EFUFSNJOFE GSPN UIF MPX�T
PS (VJOFS SFHJNF BOE GSPN UIF T SFHJPO XIFSF UIF TMPQF PG UIF TDBUUFSJOH DVSWF
DIBOHFT 	J�F� UIF USBOTJUJPO SFHJPO
� ɨF GPSNFS SBEJVT PG HZSBUJPO 	5H
 SFQSFTFOUT UIF
PWFSBMM TJ[F PG UIF GSBDUBM BHHSFHBUF BOE UIF MBUUFS 	5TVC
 DPSSFTQPOET UP UIF TJ[F PG B
GSBDUBM TVCVOJU BOE DBO CF SFDBMDVMBUFE JOUP B QFSTJTUFODF MFOHUI 	/Q
 VTJOH &RVBUJPO
���ŋŅ

/Q =

(√
��5�

H
)

�
. 	���


1FSTJTUFODF MFOHUI JT BO JOEJDBUJPO PG UIF DIBJO TUJĊOFTT� 'PS B WFSZ nFYJCMF QPMZNFS

UIF /Q JT WFSZ MPX� 'PS B TUJĊ QPMZNFS
 IPXFWFS
 UIF /Q JT DMPTF UP B DPOUPVS MFOHUI�

��



Lp

'JHVSF ��� 4DIFNBUJD SFQSFTFOUBUJPO PG GSBDUBM�MJLF BHHSFHBUFT EFTDSJCFE CZ QFSTJTUFODF
MFOHUI 	/Q
�

"DDPSEJOH UP UIF mU
 UIF /Q JT ��� ON BOE ��� ON GPS 5.1 BOE 41 ((.
 SFTQFDU�
JWFMZ� ɨF EJĊFSFODF JO UIF DIBJO nFYJCJMJUZ DBO CF FYQMBJOFE CZ B IJHIFS BNPVOU PG
HBMBDUPTF TJEF�HSPVQT QSFTFOU JO 5.1 TUSVDUVSF UIBU NBLFT UIF QPMZTBDDIBSJEF UP CF�
IBWF NPSF BT DPNC�MJLF QPMZNFST� )JHI CSBODIJOH EFHSFF BOE MFOHUI PG UIF CSBODIFT
IBWF CFFO TIPXO UP DPOTJEFSBCMZ EFDSFBTF nFYJCJMJUZ PG DPNC�MJLF QPMZNFST�ŋ� ɨF
FĊFDU PG UIF TJEF HSPVQT PO UIF IFNJDFMMVMPTF DIBJO nFYJCJMJUZ IBT BMTP CFFO EFNPO�
TUSBUFE GPS UBNBSJOE TFFE QPMZTBDDIBSJEFT�ŋ¤

����� "ETPSQUJPO TUVEJFT PG IFNJDFMMVMPTF PO DFMMVMPTF BOE IZESPQIPCJD
TVSGBDFT

ɨF BETPSQUJPO PG EJĊFSFOU IFNJDFMMVMPTF TBNQMFT UP DFMMVMPTF TVSGBDFT XBT TUVEJFE
XJUI UIF BJN UP FWBMVBUF UIF JNQBDU PG UIF NPMFDVMBS XFJHIU BOE CSBODIJOH EFHSFF PO
UIF BETPSCFE BNPVOU� *O BEEJUJPO
 UIF BETPSQUJPO UP IZESPQIPCJD TVSGBDF XBT DPN�
QBSFE JO PSEFS UP TIFE MJHIU PO UIF OBUVSF PG UIF JOUFSBDUJPO CFUXFFO IFNJDFMMVMPTF
BOE DFMMVMPTF� ɨF BETPSQUJPO TUVEJFT XFSF QFSGPSNFE VTJOH FMMJQTPNFUSZ PO CPUI
DFMMVMPTF BOE IZESPQIPCJD TVSGBDFT
 BT XFMM BT 2$.�% BOE OFVUSPO SFnFDUPNFUSZ
PO IZESPQIPCJD TVSGBDF�

'PS UIF BETPSQUJPO TUVEJFT VTJOH FMMJQTPNFUSZ
 "WJDFM NJDSPDSZTUBMMJOF DFMMVMPTF
XBT EJTTPMWFE JO %."D�-J$M TPMVUJPO BOE TQJO�DPBUFE PO TJMJDB XBGFST 	B NPSF
EFUBJMFE QSPUPDPM DBO CF GPVOE JO 1BQFS *
� 'JHVSF ��� TIPXT B UPQPHSBQIJDBM QSPmMF
PG B UZQJDBM DFMMVMPTF mMN VTFE JO FMMJQTPNFUSZ NFBTVSFNFOUT JNBHFE XJUI "'. JO
BJS� ɨF TVSGBDF JT DPWFSFE XJUI DFMMVMPTF mCSJMT UIBU DSFBUF B VOJGPSN OFUXPSL PO 4J
TVCTUSBUF XJUI UIF SPPU NFBO TRVBSF SPVHIOFTT 	SNT
 PG � ON�

��



'JHVSF ��� "'. UPQPHSBQIJDBM JNBHF PG B DFMMVMPTF mMN TQJO DPBUFE PO B TJMJDB XBGFS VTFE JO
UIF FMMJQTPNFUSZ NFBTVSFNFOUT PCUBJOFE JO OPO�DPOUBDU NPEF�

4JNJMBS mCSJMMBS UPQPHSBQIZ IBT CFFO QSFWJPVTMZ SFQPSUFE GPS "WJDFM NJDSPDSZTUBMMJOF
DFMMVMPTF EJTTPMWFE JO %."D�-J$M TPMWFOU CVU XJUI B IJHIFS SNT�ŋ© )PXFWFS
 PUIFS
TPVSDFT PG DFMMVMPTF EJTTPMWFE JO B DPNQBSBCMF TPMWFOU TZTUFN IBWF CFFO TIPXO UP
DSFBUF OPO�mCSJMMBS TVSGBDF XJUI TQIFSJDBMMZ TIBQFE DFMMVMPTF BHHSFHBUFT�ŋņùŋŇ

ɨF BETPSQUJPO PG UIF NBOOBO�CBTFE QPMZTBDDIBSJEFT UP IZESPQIPCJD BOE DFM�
MVMPTF TVSGBDFT XBT TUVEJFE LQ VLWX XJUI OVMM FMMJQTPNFUSZ BU MPX DPODFOUSBUJPO
	���� NH N-−�
� 5ZQJDBM FMMJQTPNFUSZ SFTVMUT BSF TIPXO JO 'JHVSF ���
 XIFSF BMTP UIF
QPJOUT PG ((. BEEJUJPO BOE TUBSU PG nVTIJOH UIF NFBTVSJOH DFMM XJUI QVSF CVĊFS BSF
NBSLFE�

��



'JHVSF ��� " UZQJDBM FMMJQTPNFUSZ NFBTVSFNFOU TFU VQ BOE SFTVMUT� "ETPSCFE BNPVOU 	SFE
 BOE
MBZFS UIJDLOFTT 	HSFFO
 PG 5.1 ((. PO B IZESPQIPCJD TJMJDPO PYJEF TVSGBDF�

*O HFOFSBM
 mSTU UIF UIJDLOFTT PG UIF TJMJDPO PYJEF XBT EFUFSNJOFE CZ FTUJNBUJOH Ψ
BOE Ź WBMVFT JO BJS BOE JO CVĊFS� "GUFS XIJDI
 B CBSF IZESPQIPCJ[FE TVCTUSBUF PS B
TVCTUSBUF DPWFSFE XJUI TQJO�DPBUFE MBZFS PG DFMMVMPTF
 XBT NPVOUFE BOE QMBDFE JO UIF
TBNQMF DFMM� ɨF BWFSBHF UIJDLOFTT PG UIF PYJEF MBZFS XBT ∼��� ¯ XJUI B SFGSBDUJWF
JOEFY PG ����� ɨF UIJDLOFTT PG DFMMVMPTF MBZFS XBT UZQJDBMMZ BSPVOE ��� ¯ XJUI B
SFGSBDUJWF JOEFY PG BSPVOE ����� 4JNJMBS SFGSBDUJWF JOEFY GPS TXPMMFO DFMMVMPTF mMNT
XBT SFQPSUFE QSFWJPVTMZ XJUI DPSSFTQPOEJOH TPMWFOU BNPVOU PG �� % CBTFE PO UIF
SFGSBDUJWF JOEFY PG ��� GPS ESZ DFMMVMPTF�ŋ©ùŋň

"MJRVPUT PG NBOOBO TUPDL TPMVUJPO XFSF BEEFE UP UIF FMMJQTPNFUSZ DFMM XJUI
FJUIFS B IZESPQIPCJD PS B DFMMVMPTF TQJO�DPBUFE TJMJDB TVSGBDF� ɨF BETPSQUJPO XBT
GPMMPXFE VOUJM UIF QMBUFBV XBT SFBDIFE BOE B CVĊFS XBT nVTIFE UISPVHI UIF DFMM UP
SFNPWF VOSFBDUFE PS MPPTFMZ BUUBDIFE NBUFSJBM� 4VNNBSZ PG UIF PCUBJOFE BETPSCFE
BNPVOU PG NBOOBOT PO UXP LJOET PG TVSGBDFT JT TIPXO JO 'JHVSF ���� "MM PG UIF
NBOOBOT EFNPOTUSBUFE B TJHOJmDBOU BETPSQUJPO UP IZESPQIPCJD TVSGBDFT XJUI UIF
BETPSCFE BNPVOU SBOHJOH GSPN ��� UP ���� NH N−� GPS HBMBDUPNBOOBOT BOE ����
UP ���� NH N−� GPS ((.T� ɨJT JOEJDBUFT UIBU NBOOBO�CBTFE QPMZTBDDIBSJEFT
IBWF B SFMBUJWFMZ IZESPQIPCJD DIBSBDUFS� " HFOFSBMMZ IJHIFS BETPSCFE BNPVOU PG
((. TBNQMFT DBO QPTTJCMZ CF FYQMBJOFE CZ UIF QSFTFODF PG BDFUZM HSPVQT UIBU BSF
BCTFOU JO HBMBDUPNBOOBOT� ɨF BNQIJQIJMJD DIBSBDUFS PG TVHBST 	FTQFDJBMMZ
 DFMMVMPTF

IBT CFFO XJEFMZ EJTDVTTFE JO MJUFSBUVSF�ŋŉĐŋŋ ɨF IZESPQIPCJD DIBSBDUFS EFQFOET
PO UIF BSSBOHFNFOU PG �0) HSPVQT JO TVHBS SJOHT
 BOE UIFSFGPSF JT EJĊFSFOU GPS
FBDI UZQF PG TVHBS NPOPNFS� ɨF PSEFS PG UIF JODSFBTJOH IZESPQIPCJDJUZ PG TVHBS
VOJUT QSFTFOU JO NBOOBO�CBTFE QPMZTBDDIBSJEFT IBT CFFO TVHHFTUFE UP CF� HBMBDUPTF

HMVDPTF
 NBOOPTF�ŋŉ ((.T IBWF B MPXFS HBMBDUPTF TVCTUJUVUJPO EFHSFF BOE
 UIVT

MPOHFS VOTVCTUJUVUFE TFDUJPOT JO UIF CBDLCPOF UIBU XPVME GBDJMJUBUF JOUFSBDUJPOT XJUI

��
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'JHVSF ��� $PNQBSJTPO CFUXFFO UIF BETPSCFE BNPVOU PG NBOOBO�CBTFE QPMZTBDDIBSJEFT PO
UIF DFMMVMPTF TQJO�DPBUFE mMN 	HSFFO
 BOE UIF IZESPQIPCJD TVSGBDF 	HSBZ
� 3FTVMUT BSF BSSBOHFE
JO UIF PSEFS PG EFDSFBTJOH QPMZTBDDIBSJEF NPMFDVMBS XFJHIU GSPN MFGU UP SJHIU�

ɨF BETPSCFE BNPVOU JT IJHIFS PO DFMMVMPTF UIBO PO IZESPQIPCJD TVSGBDF GPS BMM
IFNJDFMMVMPTF TBNQMFT QPTTJCMZ EVF UP TQFDJmD JOUFSBDUJPOT DBVTFE CZ TJNJMBSJUZ
JO TUSVDUVSF� *U IBT CFFO TIPXO UIBU CBDUFSJBM DFMMVMPTF JT BCMF UP FR�DSZTUBMMJTF
XJUI NBOOBO�CBTFE QPMZTBDDIBSJEFT BOE TVHBS TVSGBDUBOUT IBWF TFMFDUJWF BUUSBDUJWF
JOUFSBDUJPOT CFUXFFO IFBE HSPVQT EFQFOEJOH PO UIF TUFSFPJTPNFS UZQF��ŅŅĐ�Ņ© *O
BEEJUJPO
 DFMMVMPTF TVSGBDF IBT BO PQFO BOE SFMBUJWFMZ QPSPVT TUSVDUVSF QSPWJEJOH B
MBSHFS FĊFDUJWF BSFB BOE
 UIVT
 IJHIFS OVNCFS PG BETPSQUJPO TJUFT� ɨJT UZQF PG TVSGBDF
DBO BDDVNVMBUF B MBSHF BNPVOU PG XBUFS XIJDI SFTVMUT JO TXFMMJOH� *O TVDI DPOEJUJPOT

NBOOBOT TUSJWF UP SFQMBDF XBUFS NPMFDVMFT BETPSCFE PO DFMMVMPTF TVSGBDF TJODF UIF
NBOOBO�DFMMVMPTF TVSGBDF JOUFSBDUJPOT BSF NPSF GBWPVSBCMF UIBO UIF XBUFS�DFMMVMPTF
JOUFSBDUJPOT� ɨJT TVHHFTUT UIBU UIF BETPSQUJPO QSPDFTT JT FOUSPQZ ESJWFO��Ņņ

ɨF BETPSCFE BNPVOU PO UIF DFMMVMPTF TVSGBDFT XBT GPVOE UP CF EFQFOEFOU PO
UIF NPMFDVMBS XFJHIU PG UIF NBOOBO QPMZNFST� ɨF IJHIFTU BETPSCFE BNPVOU XBT
PCUBJOFE XJUI -PDVTU CFBO HVN 	��� L%B
 BOE UIF MPXFTU POF XJUI 5.1 	���� L%B

BOE 41 ((. 	��� L%B
� ɨF JOnVFODF PG UIF NPMFDVMBS XFJHIU PO UIF BETPSQUJPO
PG IFNJDFMMVMPTF IBT CFFO QSFWJPVTMZ SFQPSUFE JO MJUFSBUVSF
 IPXFWFS HBMBDUPTF
TVCTUJUVUJPO EFHSFF IBT CFFO TVHHFTUFE UP IBWF B TUSPOHFS JNQBDU DPNQBSFE UP
NPMFDVMBS XFJHIU���ù�Ŋù�ŅŇ #SBODIFT NJHIU QSFWFOU B DMPTF DPOUBDU CFUXFFO UIF CBDL�
CPOF BOE UIF TVSGBDF
 IPXFWFS XF IBWF OPU PCTFSWFE TVDI B EFQFOEFODZ JO PVS TUVEJFT�

ɨF BETPSQUJPO PG NBOOBO�CBTFE QPMZTBDDIBSJEFT PO IZESPQIPCJD TVSGBDF XBT
BEEJUJPOBMMZ GPMMPXFE XJUI 2$.�%� *O DPNQBSJTPO UP FMMJQTPNFUSZ
 2$.�%
NFBTVSFT UIF UPUBM BEEFE iXFJHIUw UIBU BMTP JODMVEFT DPVQMFE TPMWFOU� #Z DPNQBSJOH

��



SFTVMUT GSPN UIFTF UXP UFDIOJRVFT
 JOGPSNBUJPO PO UIF BNPVOU PG TPMWFOU QSFTFOU JO
UIF BETPSCFE MBZFS DBO CF FYUSBDUFE� 5BCMF ��� QSFTFOUT TVNNBSZ PG UIF BETPSCFE
BNPVOU PO IZESPQIPCJD TVSGBDF EFUFSNJOFE XJUI FMMJQTPNFUSZ BOE 2$.�%� "MM PG
UIF NBOOBOT GPSN B IJHIMZ IZESBUFE MBZFS XJUI NPSF UIBO �� % PG TPMWFOU� #BTFE
PO UIF 4"94 SFTVMUT
 ((. QPMZNFS DIBJOT BSF SFMBUJWFMZ TUJĊ BOE XPVME MJF QBSBMMFM
UP UIF TVSGBDF TUBDLFE PO UPQ PG FBDI PUIFS� )PXFWFS
 HBMBDUPTF TJEF HSPVQT QSFWFOU
QPMZNFS DIBJOT GSPN MZJOH DPNQMFUFMZ nBU BOE DBVTF QBSUT PG ((. DIBJOT UP FYUFOE
JOUP TPMVUJPO� 4VDI B DPOmHVSBUJPO PG QPMZNFS DIBJOT JT PQFO UP B MBSHF BNPVOU PG
TPMWFOU� )JHI DPOUFOU PG XBUFS IBT CFFO QSFWJPVTMZ SFQPSUFE GPS UIF (( 	�� %
 BOE
((. 	�� %
 BETPSCFE MBZFST PO DFMMVMPTF CVU XJUI B MPXFS ESZ NBTT UIBO JU XBT
PCUBJOFE IFSF
 QPTTJCMZ EVF UP UIJOOFS DFMMVMPTF mMNT��Ņù�©

5BCMF ��� 5IF TVNNBSZ PG UIF BETPSCFE BNPVOU PO IZESPQIPCJD TVSGBDFT BT EFUFSNJOFE XJUI
FMMJQTPNFUSZ BOE 2$.�%
 BOE UIF DBMDVMBUFE TPMWFOU DPOUFOU JO UIF BETPSCFE MBZFS�

-#( (( -#(� 5.1 ((. 41 ((.

"ETPSCFE BNPVOU <NH N−�> 2$.�% �� ± � �� ± �� �� ± � �� ± � �� ± �
&MMJQTPNFUSZ ���� ± ���� ���� ± ���� ��� ± ��� ��� ± ��� ���� ± ����

4PMWFOU DPOUFOU <�> �� �� �� �� ��

"EEJUJPOBMMZ
 UIF BETPSQUJPO PG 5.1 ((. UP IZESPQIPCJD TVSGBDF XBT TUVEJFE XJUI
OFVUSPO SFnFDUPNFUSZ 	/3
 XIJDI HJWFT UIF TDBUUFSJOH MFOHUI EFOTJUZ QSPmMF PG UIF
BETPSCFE MBZFS QFSQFOEJDVMBS UP UIF TVSGBDF� ɨF TDBUUFSJOH DVSWFT PG B CBSF TJMJDB BOE
UIF BETPSCFE 5.1 MBZFS JO UXP DPOUSBTUT BSF TIPXO JO 'JHVSF ���� " TJHOJmDBOUMZ
MBSHFS EJĊFSFODF JT TFFO JO UIF %�0 DPOUSBTU DPNQBSFE UP UIF )�0 EVF UP B IJHIFS
TDBUUFSJOH DPOUSBTU CFUXFFO %�0 BOE 5.1� ɨF CFTU mU UP UIF EBUB XBT PCUBJOFE
CZ EJWJEJOH 5.1 MBZFS JOUP UXP� ɨF JOOFS MBZFS 	DMPTFTU UP IZESPQIPCJD TVSGBDF
 JT
FYQFDUFE UP DPOUBJO ((. NPJFUJFT XJUI IJHI OVNCFS PG BDFUZM HSPVQT UIBU QBSUJBMMZ
QFOFUSBUF UIF IZESPQIPCJD MBZFS� ɨFSFGPSF
 XF EFOPUF UIJT MBZFS BT UIF USBOTJUJPO MBZFS�
ɨF PVUFS MBZFS
 PO UIF PUIFS IBOE
 JT FYQFDUFE UP CF IJHIMZ IZESBUFE DPOUBJOJOH ((.
DIBJOT XJUI MPX BDFUZMBUJPO EFHSFF� )FSF
 UIF SPVHIOFTT CFUXFFO UIF USBOTJUJPO BOE
UIF PVUFS ((. MBZFS JOEJDBUFT (BVTTJBO EJTUSJCVUJPO PG QPMZNFS DIBJOT XJUIPVU TIBSQ
CPSEFST� ɨF TDBUUFSJOH MFOHUI EFOTJUZ PG ((. VTFE UP mU UIF EBUB XBT BEKVTUFE GPS
UIF FYDIBOHFBCMF IZESPHFOT JO TVHBS NPOPNFST��Ņň

��
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'JHVSF ��� /FVUSPO SFnFDUJWJUZ DVSWFT PG QVSF IZESPQIPCJD TVSGBDF 	EBSL SFE JO %�0 BOE EBSL
CMVF JO )�0
 BOE BGUFS BETPSQUJPO PG 5.1 	MJHIU SFE JO %�0 BOE MJHIU CMVF JO )�0
� 4PMJE CMBDL
MJOFT SFQSFTFOU UIF UIFPSFUJDBM mU� 5IF JOTFU JMMVTUSBUFT UIF TDBUUFSJOH MFOHUI EFOTJUZ 	4-%
 QSPmMF
BT B GVODUJPO PG EJTUBODF GSPN UIF 4J TVSGBDF CBTFE PO UIF mUUJOH XJUI UIF OVNCFST JOEJDBUJOH
MBZFST EFTDSJCFE JO 5BCMF ����

"DDPSEJOH UP UIF mU
 UIF USBOTJUJPO MBZFS JT � ¯ XJUI �� % PG UIF DPVQMFE TPMWFOU�
ɨF PVUFS MBZFS
 IPXFWFS
 JT ��� ¯� ɨF MBZFS JT IJHIMZ IZESBUFE DPOmSNJOH UIF SFT�
VMUT PCUBJOFE XJUI FMMJQTPNFUSZ BOE 2$.�% CVU NVDI TNBMMFS UIBO UIF NFBTVSFE
IZESPEZOBNJD SBEJVT PG UIF QPMZNFS TVHHFTUJOH UIBU 5.1 UBLFT B SFMBUJWFMZ nBU DPO�
GPSNBUJPO PO UIF IZESPQIPCJD TVSGBDF�

5BCMF ��� 1BSBNFUFST PCUBJOFE GSPN UIF mUUJOH PG /3 EBUB NFBTVSFE JO %�0 BOE )�0� 5IF
OVNCFST DPSSFMBUF UP UIF MBZFS OVNCFST JO UIF 4-% QSPmMF JO 'JHVSF ����

� � � �
4J0[ )ZESPQIPCJD MBZFS 5SBOTJUJPO MBZFS ((.

%�0 )�0 %�0 )�0
4-% <��−� ¯−�> ���� ����� ± ���� ���� ± ���� ��� ± ��� ��� ± ��� ��� ± ���

-BZFS UIJDLOFTT <¯> ���� ± ��� ���� ± ��� ��� ± ��� ��� ± ��
4PMWFOU DPOUFOU <W�W
 �> ��� ± ��� ��� ± ��� �� ± � ���� ± ���

3PVHIOFTT <¯> ��� ± ��� ��� ± ��� ��� ± ��� �� ± ��

��



��� )FNJDFMMVMPTF BETPSQUJPO UP DFMMVMPTF TVSGBDFT JO SFMBUJPO
UP DFMMVMPTF mMN DSZTUBMMJOJUZ

����� .PSQIPMPHZ PG UIF CBDUFSJBM DFMMVMPTF mMNT JO BJS BOE MJRVJE FOWJS�
PONFOU

*O UIJT TUVEZ UIF BETPSQUJPO PG UIF IFNJDFMMVMPTF TBNQMFT UP UIF TQJO�DPBUFE CBDUFSJBM
G�DFMMVMPTF 	G�#$
 mMNT XBT JOWFTUJHBUFE� ɨF NPSQIPMPHZ PG UIF mMNT XBT JNBHFE
XJUI "'. JO BJS BOE MJRVJE DPOEJUJPOT JO PSEFS UP GPMMPX DFMMVMPTF TXFMMJOH�
'JHVSF ���	B
 QSFTFOUT UPQPHSBQIZ GFBUVSFT PG B UZQJDBM G�#$ TVSGBDF JO BJS JNBHFE JO
OPO�DPOUBDU NPEF� " NBUSJY PG SBOEPNMZ EJTUSJCVUFE DFMMVMPTF mCSJMT 	VQ UP �� ON JO
IFJHIU
 VOJGPSNMZ DPWFST UIF TJMJDB TVCTUSBUF� ɨF SPPU NFBO TRVBSF TVSGBDF SPVHIOFTT
PG UIF mMN JT ��� ON� 5PQPHSBQIZ QSPmMF PCTFSWFE IFSF SFTFNCMFT UIBU PG UIF TQJO�
DPBUFE NJDSPDSZTUBMMJOF DFMMVMPTF mMN IJHIMJHIUFE JO UIF QSFWJPVT TFDUJPO JO 'JHVSF ���
XJUI UIF SNT PG � ON�

	B
 	C


'JHVSF ��� "'. UPQPHSBQIZ QSPmMF PG UIF CBDUFSJBM G�DFMMVMPTF JNBHFE JO BJS 	B
 BOE MJRVJE 	C

FOWJSPONFOU JO OPO�DPOUBDU NPEF�

6QPO DPOUBDU XJUI XBUFS 	'JHVSF ���	C


 UIF MBUFSBM EJNFOTJPOT PG mCSJMT JODSFBTFE
BOE TVCTFRVFOUMZ UIF GFBUVSFT PG UIF OFUXPSL CFDBNF MFTT QSPOPVODFE� ɨF SPVHIOFTT
PG UIF TXPMMFO mMN JODSFBTFE UP ��� ON BT DPNQBSFE UP UIF mMN JNBHFE JO BJS�

��



����� $FMMVMPTF mMN DSZTUBMMJOJUZ

ɨF EFHSFF PG DSZTUBMMJOJUZ PG UIF TQJO�DPBUFE G�DFMMVMPTF mMN XBT FWBMVBUFE VTJOH
"53�'5*3� ɨF ESZ mMNT XFSF FYQPTFE UP B TBUVSBUFE %�0 BOE )�0 WBQPS FOWJS�
PONFOU JO PSEFS UP SFWFBM UIF OVNCFS PG UIF OPO�FYDIBOHFBCMF IZESPYZM HSPVQT�
&WFSZ TVHBS VOJU PG UIF DFMMVMPTF DIBJOT DPOUBJOT UISFF �0) HSPVQT BU $	�

 $	�

BOE $	�
 UIBU JO B GVMMZ BNPSQIPVT TUBUF PODF JO DPOUBDU XJUI EFVUFSJVN BUPNT BSF
SBQJEMZ FYDIBOHFE� ɨF IZESPYZM HSPVQT JO UIF DSZTUBMMJOF SFHJPOT
 IPXFWFS
 BSF OPU
BDDFTTJCMF UP UIF TPMWFOU EVF UP B WFSZ TUSPOH CJOEJOH CFUXFFO DFMMVMPTF DIBJOT��ŅŉĐ�Ņŋ
*3 UFDIOJRVF JT TFOTJUJWF UP UIF BUPNJD NBTT XIJDI NBLFT JU B QFSGFDU UPPM UP GPMMPX
UIF )�% FYDIBOHF�

ɨF '5*3 TQFDUSB PG UIF TQJO�DPBUFE OPO�EFVUFSBUFE BOE EFVUFSBUFE CBDUFSJBM
DFMMVMPTF mMNT VOEFS WBSJPVT DPOEJUJPOT BSF QSFTFOUFE JO 'JHVSF ��� BOE 'JHVSF ����

SFTQFDUJWFMZ�

Ab
so

rb
an

ce

4000 3500 3000 2500 2000 1500 1000
wavenumber [cm-1]

 dry h-BC
 h-BC in D2O 30 min
 h-BC in D2O 2h
 h-BC in H2O
 redried h-BC

'JHVSF ��� '5*3 TQFDUSB PG K�#$ mMN JO BJS 	EBSL CMVF

 JO %�0 WBQPS BGUFS �� NJO 	EBSL SFE

 JO
%�0 WBQPS BGUFS � IPVST 	EBSL HSBZ

 JO )�0 WBQPS 	HSFFO
 BOE SFESJFE 	MJHIU HSBZ
�

ɨF TQFDUSB PG UIF mMNT JO UIF ESZ TUBUF DPOUBJO UXP NBJO SFHJPOT� BO �0) TUSFUDIJOH
CBOE CFUXFFO ��������� DN−� BOE B DFMMVMPTF mOHFSQSJOU SFHJPO CFUXFFO �����
��� DN−�� ɨF DFMMVMPTF mOHFSQSJOU SFHJPO DPOTJTUT PG UIF PWFSMBQQJOH QFBLT SFTVMUJOH
GSPN UIF TUSFUDIJOH WJCSBUJPOT PG $�$
 $�0
 TLFMFUBM BOE SJOH WJCSBUJPOT���ŅĐ��© ɨF

��



ESZ TQFDUSVN JO 'JHVSF ��� DPOUBJOT B QFBL BU ���� DN−� DPSSFTQPOEJOH UP UIF $�)
TUSFUDIJOH� ɨJT QFBL JT TIJGUFE UP ���� DN−� GSFRVFODZ JO UIF TQFDUSVN PG UIF ESZ
G�#$ mMN 	'JHVSF ����
 BSJTJOH GSPN UIF $�% TUSFUDIJOH JOTUFBE���ņ

Ab
so

rb
an

ce

4000 3500 3000 2500 2000 1500 1000
wavenumber [cm-1]

 dry d-BC
 d-BC in D2O 30 min
 d-BC in D2O 2h
 d-BC in H2O 
 redried d-BC

'JHVSF ���� '5*3 TQFDUSB PG G�#$ mMN JO BJS 	EBSL CMVF

 JO %�0 WBQPS BGUFS �� NJO 	EBSL SFE


JO %�0 WBQPS BGUFS � IPVST 	EBSL HSBZ

 JO )�0 WBQPS 	HSFFO
 BOE SFESJFE 	MJHIU HSBZ
�

6QPO DPOUBDU XJUI B TBUVSBUFE %�0 WBQPS
 UIF JOUFOTJUZ PG UIF �0) QFBL EFDSFBTFE
BOE B OFX QFBL BU ���� DN−� BQQFBSFE DPSSFTQPOEJOH UP �0% FMPOHBUJPOBM WJCSB�
UJPOT� "MUIPVHI
 UIF JOUFOTJUZ PG UIF �0) CBOE EFDSFBTFE TJHOJmDBOUMZ
 UIF QFBL EJE
OPU EJTBQQFBS DPNQMFUFMZ JO CPUI UZQFT PG DFMMVMPTF mMNT�

%�0 WBQPS XBT SFQMBDFE CZ )�0 WBQPS PODF UIF FYDIBOHF XBT DPNQMFUF BOE
OP GVSUIFS DIBOHFT XFSF PCTFSWFE JO QFBL JOUFOTJUJFT PG �0) BOE �0%� " TVEEFO
JODSFBTF JO UIF �0) CFZPOE UIF JOJUJBM JOUFOTJUZ BMPOH XJUI B EFDSFBTF JO �0% QFBL
XFSF PCTFSWFE JO UIF TQFDUSB PG UIF EFVUFSBUFE BOE OPO�EFVUFSBUFE DFMMVMPTF� *O
BEEJUJPO
 B OFX QFBL BQQFBSFE BU ���� DN−� DPSSFTQPOEJOH UP UIF QSFTFODF PG
GSFF XBUFS NPMFDVMFT JO CPUI mMNT� *OUFSFTUJOHMZ
 OPU BMM PG UIF EFVUFSJVN BUPNT
FYDIBOHFE CBDL UP IZESPHFO BT FWJEFODFE CZ UIF SFNBJOJOH �0% CBOE FWFO BGUFS
SFESZJOH� ɨF TP�DBMMFE SFTJTUBOU �0% HSPVQT IBWF PGUFO CFFO SFQPSUFE JO MJUFSBUVSF
JO SFMBUJPO UP UIF )�% FYDIBOHF JO DFMMVMPTF� ɨF EFVUFSJVN BUPNT BSF CFMJFWFE UP CF
USBQQFE EVF UP SFDSZTUBMMJ[BUJPO EVSJOH XFUUJOH BOE ESZJOH DZDMFT��Ņŋù��¤ù��Ňù��ň

��



ɨF LJOFUJD DVSWFT PG UIF )�% FYDIBOHF JO UIF TQJO�DPBUFE EFVUFSBUFE BOE OPO�
EFVUFSBUFE DFMMVMPTF mMNT BSF QSFTFOUFE JO 'JHVSF ����� ɨF SFBDUJPO XBT BTTVNFE
UP GPMMPX B QTFVEP�mSTU�PSEFS LJOFUJDT EFTDSJCFE CZ &RVBUJPO �����ŉ

OQ
{
[2+ ]U
[2+ ]�

}
= −NW 	���


XIFSF [2+ ]� BOE [2+ ]U BSF UIF BSFB PG UIF �0) QFBL BU � BOE U UJNF QPJOU

SFTQFDUJWFMZ�

ɨF EFVUFSBUFE BOE OPO�EFVUFSBUFE DFMMVMPTF mMNT GPMMPX B TJNJMBS LJOFUJD USFOE�
ɨF NPTU SBQJE FYDIBOHF PDDVST EVSJOH UIF mSTU ��� NJOVUFT XJUI B TMJHIUMZ GBTUFS
FYDIBOHF JO UIF G�#$ DPNQBSFE UP UIF K�#$ mMN QPTTJCMZ EVF UP B MFTT DSZTUBMMJOF
DIBSBDUFS PG UIF GPSNFS� ɨF FYDIBOHF SBUF EFDSFBTFT TJHOJmDBOUMZ BGUFS UIBU BOE
DPOUJOVFT UP EFDSFBTF GPS � IPVST VOUJM B TUFBEZ TUBUF PG UIF SFBDUJPO JT SFBDIFE� ɨF
FYDIBOHF QSPDFTT JO DFMMVMPTF JT PGUFO EFTDSJCFE CZ B UXP�TUFQ NPEFM� ɨF mSTU TUFQ
PG UIF FYDIBOHF PDDVST JO UIF BNPSQIPVT SFHJPOT PG UIF MBZFS XIJDI NBZ UBLF GSPN
�� NJO UP B DPVQMF PG IPVST� ɨF TFDPOE TUFQ UBLFT NVDI MPOHFS BT JU PDDVST PO UIF
TVSGBDF PG DSZTUBMMJOF QMBOFT PS BU JSSFHVMBSJUJFT XIJDI BSF MFTT BDDFTTJCMF��Ņŋù��¤ù��ŉĐ��ŋ
&BDI PG UIF FYDIBOHF DVSWFT QSFTFOUFE JO 'JHVSF ���� DBO CF mUUFE XJUI UXP
FYQPOFOUJBM EFDBZT TVHHFTUJOH UIBU UIF mMNT DPOUBJO UXP SFHJPOT XJUI EJTUJODU LJOFUJD
CFIBWJPS���ŋ
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'JHVSF ���� 5IF DIBOHF JO UIF BSFB PG UIF �0) TJHOBM XJUI UJNF JO K�#$ 	CMVF DJSDMFT
 BOE G�#$
	CMBDL DJSDMFT
� 3FE MJOFT SFQSFTFOU mUT UP UIF FYQPOFOUJBM EFDBZ�

��



ɨF OVNCFS PG UIF FYDIBOHFE IZESPYZM HSPVQT 	U0)
 XBT FTUJNBUFE BDDPSEJOH UP
&RVBUJPO ���� BOE JT FRVBM UP �� % JO UIF EFVUFSBUFE DFMMVMPTF mMN BOE �� % JO UIF
OPO�EFVUFSBUFE DFMMVMPTF mMN� ɨF IJHIFS U0) JO UIF G�#$ mMN JT FYQFDUFE TJODF
UIF LJOFUJD FYQFSJNFOUT EFNPOTUSBUFE B NPSF SBQJE FYDIBOHF UP UIBU JO UIF K�#$
mMN� " QPTTJCMF FYQMBOBUJPO GPS UIF EJĊFSFODF DPVME CF TMJHIU WBSJBUJPOT EVSJOH
UIF DFMMVMPTF EJTTPMVUJPO PS TQJO�DPBUJOH TUFQ BT UIF EFVUFSBUJPO PG UIF DFMMVMPTF
CBDLCPOF IBT CFFO TIPXO OPU UP BĊFDU UIF NPMFDVMBS PS NPSQIPMPHJDBM QSPQFSUJFT
PG DFMMVMPTF���ņ #BDUFSJBM DFMMVMPTF JT LOPXO UP IBWF DFMMVMPTF * UZQF PG DSZTUBMMJOF
BSSBOHFNFOU XJUI DIBJOT BMJHOFE JO B QBSBMMFM NBOOFS� ɨF OVNCFS PG UIF BDDFTTJCMF
�0) HSPVQT JO DFMMVMPTF * IBT CFFO SFQPSUFE UP CF � � �� % EFQFOEJOH PO UIF
SFBDUJPO DPOEJUJPOT��Ņŋù��ņ *O TPMVUJPO
 IPXFWFS
 UIF DSZTUBMMJOF OFUXPSL JT EJTSVQUFE

SFTVMUJOH JO B IJHIFS BNPVOU PG BDDFTTJCMF �0) HSPVQT� ɨF TPMVCJMJ[BUJPO PG B
CBDUFSJBM DFMMVMPTF JO 1�.FUIZMNPSQIJOF�1�PYJEF NPOPIZESBUF 	/..0
 IBT CFFO
TIPXO UP EFDSFBTF UIF EFHSFF PG DSZTUBMMJOJUZ GSPN �� % UP �� %��¤Ņ )FSF
 B EJĊFSFOU
TPMWFOU XBT VTFE CVU B DPNQBSBCMF EFHSFF PG DSZTUBMMJOJUZ XBT PCTFSWFE BGUFS UIF
EJTTPMVUJPO�

4VHBS NPOPNFST JO UIF DFMMVMPTF DIBJOT BSF DPOOFDUFE WJB JOUSB� BOE JOUFSNPMFDVMBS
IZESPHFO CPOET BU QPTJUJPOT 0	�
)· · ·0	�

 0	�
)· · ·0	�
 BOE 0	�
)· · ·0	�

BT EFNPOTUSBUFE JO 'JHVSF ����� ɨF NPMFDVMBS TUSFUDIJOH PG UIFTF CPOET HJWFT SJTF
UP B CSPBE �0) QFBL� %FDPOWPMVUJPO PG UIJT QFBL SFWFBMFE UIBU JU DPOTJTUT PG TFWFSBM
BCTPSQUJPO CBOET DFOUFSFE BU ���� DN−�
 ���� DN−� BOE ���� DN−� DPSSFTQPOEJOH
UP 0	�
)· · ·0	�

 0	�
)· · ·0	�
 BOE 0	�
)· · ·0	�
 CPOET
 SFTQFDUJWFMZ���¤ù��Ň
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'JHVSF ���� 4DIFNBUJD SFQSFTFOUBUJPO PG JOUFS� BOE JOUSBNPMFDVMBS IZESPHFO CPOET JO UXP QBS�
BMMFM DFMMVMPTF DIBJOT�

ɨF EJĊFSFODF TQFDUSB
 EFSJWFE GSPN TVCUSBDUJOH UIF TQFDUSVN UBLFO BU B mSTU UJNF

��



QPJOU GSPN UIF TQFDUSVN UBLFO BU B DFSUBJO UJNF QPJOU
 BSF QSFTFOUFE JO 'JHVSF �����
0ODF UIF DFMMVMPTF mMNT XFSF FYQPTFE UP B %�0 WBQPS
 UIF SFBDUJPO TUBSUFE XJUI UIF
FYDIBOHF PO UIF JOUSBNPMFDVMBS CPOE 0	�
)· · ·0	�
� ɨF FYDIBOHF PO UIJT HSPVQ
DPOUJOVFE UISPVHIPVU UIF FYQFSJNFOU JO CPUI EFVUFSBUFE BOE OPO�EFVUFSBUFE DFMMV�
MPTF� ɨF FYDIBOHF PO 0	�
)· · ·0	�
 CPOE BMTP TUBSUFE FBSMZ JO UIF FYQFSJNFOU CVU
XJUI B MPXFS JOUFOTJUZ� ɨF MFBTU BĊFDUFE CPOE XBT UIF JOUFSNPMFDVMBS 0	�
)· · ·0	�

CPOE JO CPUI EFVUFSBUFE BOE OPO�EFVUFSBUFE DFMMVMPTF mMNT� )PGTUFUUFS FU BM� IBT
QSFWJPVTMZ OPUFE UIBU NPTU PG UIF FYDIBOHF PDDVST PO UIF JOUSBNPMFDVMBS CPOET���¤
"MUIPVHI
 UIF JOUFSNPMFDVMBS CPOET IBWF B XFBLFS DIBSBDUFS BOE UIFSFGPSF BSF FYQFD�
UFE UP CF NPSF TVTDFQUJCMF UP UIF FYDIBOHF
 UIF IZESPYZM HSPVQT BU 0	�
 QPTJUJPO IBWF
CFFO SFQPSUFE UP CF NPSF SFBDUJWF��¤�Đ�¤©
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'JHVSF ���� $IBOHF JO EJGGFSFODF TQFDUSB PG K�#$ 	B
 BOE G�#$ 	C
 mMNT JO %�0 WBQPS XJUI
UJNF XJUI B TUFQ PG � NJO�

��



����� 4USVDUVSF PG UIF DFMMVMPTF mMNT

ɨF TQJO�DPBUFE DFMMVMPTF mMNT XFSF QSPCFE XJUI OFVUSPO SFnFDUPNFUSZ JO PSEFS
UP EFUFSNJOF TUSVDUVSBM QSPQFSUJFT PG UIF MBZFS� 'JSTU B CBSF TJMJDPO TVSGBDF XBT
DIBSBDUFSJ[FE JO UISFF JTPUPQJD DPOUSBTUT� %�0
 )�0 BOE XBUFS DPOUSBTU NBUDIFE UP
TJMJDPO 	$.4J
 4-%�����Y��−� ¯−�
� ɨF PCUBJOFE EBUB JO EJĊFSFOU DPOUSBTUT XBT
UIFO mU TJNVMUBOFPVTMZ UP B NPEFM DPOTJTUJOH PG UIF 4J0� 	4-%�����Y��−� ¯−�

MBZFS� ɨF SFTVMUT PCUBJOFE GSPN UIF mUUJOH PG UIF CBSF TJMJDPO TVCTUSBUFT DBO CF GPVOE
JO UIF TVQQPSUJOH JOGPSNBUJPO PG 1BQFS ĚĚ� " DFMMVMPTF mMN XBT UIFO TQJO�DPBUFE
PO UIF DIBSBDUFSJ[FE TJMJDPO TVCTUSBUFT BOE UIF SFnFDUJWJUZ DVSWFT GPS UIF DFMMVMPTF
mMNT XFSF SFDPSEFE JO UISFF JTPUPQJD DPOUSBTUT BT GPS UIF CBSF TJMJDB� ɨF SFnFDUJWJUZ
DVSWFT PG B UZQJDBM CBSF TJMJDPO TVCTUSBUF BOE UIF POF XJUI B TQJO�DPBUFE G�DFMMVMPTF
mMN BSF QSFTFOUFE JO 'JHVSF ����� "T NFOUJPOFE FBSMJFS
 FWFSZ HMVDPTF VOJU JO UIF
DFMMVMPTF CBDLCPOF DPOUBJOT UISFF FYDIBOHFBCMF IZESPHFO BUPNT
 UIFSFGPSF
 UIF
4-% PG DFMMVMPTF MBZFS JT IJHIMZ EFQFOEFOU PO UIF DPOUSBTU� ɨF FYQFDUFE 4-% PG
G�DFMMVMPTF JO %�0 JT ����Y��−� ¯−� XIJDI JT DMPTF UP UIF 4-% PG %�0 	����Y��−�

¯−�
 SFTVMUJOH JO B QPPS DPOUSBTU JO UIJT TPMWFOU BOE UIVT BMNPTU GVMMZ PWFSMBQQJOH
SFnFDUJWJUZ DVSWFT GSPN UIF CBSF BOE DPBUFE TVCTUSBUF�
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'JHVSF ���� /FVUSPO SFnFDUJWJUZ BT B GVODUJPO PG NPNFOUVN USBOTGFS 	2
 PG CBSF TJMJDB TVSGBDF
	mMMFE TZNCPMT
 JO %�0 	EBSL SFE SFDUBOHMF

 )�0 	EBSL CMVF DJSDMF

 $.4J 	EBSL HSFFO SIPNCVT

BOE G�DFMMVMPTF TVSGBDF 	FNQUZ TZNCPMT
 JO %�0 	QJOL SFDUBOHMF

 )�0 	MJHIU CMVF DJSDMFT

 $.4J
	MJHIU HSFFO SIPNCVT
� 4PMJE MJOFT SFQSFTFOU UIFPSFUJDBM mU� 5IF JOTFU JMMVTUSBUFT UIF TDBUUFSJOH
MFOHUI EFOTJUZ 	4-%
 QSPmMFT BT B GVODUJPO PG EJTUBODF GSPN UIF 4J TVSGBDF�

" NVMUJMBZFS TMBC NPEFM DPOTJTUJOH PG 4J0� BOE UXP DFMMVMPTF MBZFST XBT VTFE UP mU UIF
SFnFDUJWJUZ EBUB PG G�DFMMVMPTF BOE BDDPVOU GPS EJĊFSFODFT QFSQFOEJDVMBS UP UIF TVSGBDF
PG UIF mMN 	'JHVSF ����
� ɨJT BQQSPBDI IBT CFFO QSFWJPVTMZ BQQMJFE UP FWBMVBUF UIF
TUSVDUVSF PG CBDUFSJBM DFMMVMPTF mMNT��Ņň " NPEFM XJUI BO BEEJUJPOBM MBZFS OFYU UP UIF
TJMJDPO TVSGBDF 	-BZFS �

 J�F� B UISFF MBZFS NPEFM XBT BQQMJFE UP POF PG UIF TBNQMFT
	TBNQMF �
 XIJDI TJHOJmDBOUMZ JNQSPWFE UIF HPPEOFTT PG mU� ɨF -BZFS � XBT GPVOE
UP CF � ¯ UIJDL
 XJUI BCPVU �% PG USBQQFE )�0 UIBU JT JOBDDFTTJCMF UP UIF EJĊFSFOU
DPOUSBTUT� " QPTTJCMF FYQMBOBUJPO GPS UIF QSFTFODF PG USBQQFE XBUFS JO UIJT MBZFS DPVME
CF UIF JOTVċDJFOU ESZJOH EVSJOH UIF QSFQBSBUJPO PG UIF mMN� %VF UP B IJHIMZ IZ�
ESPQIJMJD DIBSBDUFS
 DFMMVMPTF BDDVNVMBUFT XBUFS GSPN UIF TVSSPVOEJOH FOWJSPONFOU�
4USPOHMZ CPVOE XBUFS QSFTFOU JO WBSJPVT DFMMVMPTF TBNQMFT IBT CFFO XJEFMZ SFQPSUFE
JO MJUFSBUVSF��¤ņĐ�¤ň
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'JHVSF ���� 4DIFNBUJD SFQSFTFOUBUJPO PG UIF NPEFM VTFE UP mU UIF SFnFDUPNFUSZ EBUB CFGPSF
BOE BGUFS IFNJDFMMVMPTF BETPSQUJPO PO DFMMVMPTF TVSGBDF�

ɨF FYQFDUFE 4-% PG G�DFMMVMPTF JO %�0 BOE )�0 BSF ����Y��−� ¯−� BOE
����Y��−� ¯−�
 SFTQFDUJWFMZ� )PXFWFS
 UIFTF WBMVFT BSF POMZ WBMJE JG BMM PG UIF
IZESPHFO BUPNT BSF FYDIBOHFE XJUI EFVUFSJVN BOE WJDF WFSTB� ɨF IJHIFS BNPVOU
PG UIF JOBDDFTTJCMF IZESPHFO
 UIF MPXFS UIF 4-% PG UIF DFMMVMPTF MBZFS JO UIF %�0
DPOUSBTU� *O B TJNJMBS XBZ
 UIF )�0 JTPUPQJD DPOUSBTU XPVME JOEJDBUF UIF QSFTFODF PG
UIF USBQQFE EFVUFSJVN BUPNT� 8JUI UIJT JO NJOE
 UIF 4-% WBMVFT XFSF OPU mYFE UP
UIF FYQFDUFE WBMVFT CVU JOTUFBE XFSF mUUFE XJUIJO B SFBTPOBCMF NBSHJO� ɨF PCUBJOFE
4-% PG G�DFMMVMPTF mMNT 	TBNQMFT ���
 JO UISFF JTPUPQJD DPOUSBTUT BSF EFNPOTUSBUFE
JO 'JHVSF ����� *U TIPVME CF OPUFE UIBU UIF mMN JO TBNQMF � XBT POMZ DIBSBDUFSJ[FE
JO UIF $.4J BOE )�0 DPOUSBTUT EVF UP UJNF DPOTUSBJOUT�

*OEFFE
 UIF EFUFSNJOFE 4-% WBMVFT PG G�DFMMVMPTF -BZFS � BSF MPXFS UIBO UIF
UIFPSFUJDBM WBMVFT JOEJDBUJOH UIF QSFTFODF PG VQ UP �� % PG UIF JOBDDFTTJCMF IZESPHFO
BUPNT� "T JU XBT NFOUJPOFE FBSMJFS UIF mMNT BSF BMNPTU GVMMZ NBUDIFE PVU JO UIF %�0
DPOUSBTU
 UIFSFGPSF UIF PCTFSWBUJPO TIPVME CF UBLFO XJUI DBVUJPO� *U JT XPSUI OPUJOH

IPXFWFS
 UIBU B TJNJMBS EFHSFF PG UIF OPO�FYDIBOHFE IZESPHFO BUPNT XBT PCTFSWFE
XJUI "53�'5*3� ɨF 4-% PG UIF PVUFS MBZFS 	-BZFS �
 JT TMJHIUMZ IJHIFS UIBO JU XBT
EFUFSNJOFE GPS -BZFS � CVU TUJMM MPXFS UIBO UIF FYQFDUFE WBMVFT
 TVHHFTUJOH B NPSF
DSZTUBMMJOF DIBSBDUFS PG UIF JOOFS MBZFS�

*O UIF )�0 DPOUSBTU
 UIF 4-% WBMVFT PG UIF DFMMVMPTF mMNT BSF IJHIFS UIBO UIF
FYQFDUFE POFT QPTTJCMZ EVF UP UIF SFTJTUBOU EFVUFSJVN BUPNT TJODF UIF mMN XBT mSTU
FYQPTFE UP UIF %�0 TPMWFOU� ɨF "53�'5*3 TUVEJFT BMTP TIPXFE UIF QSFTFODF PG UIF
SFTJTUBOU �0% HSPVQT JO UIF )�0 WBQPS FOWJSPONFOU
 BT XFMM BT JO BJS BGUFS DPOUBDU
XJUI %�0 	'JHVSF ����
�

��
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'JHVSF ���� 4DBUUFSJOH MFOHUI EFOTJUZ 	4-%
 WBMVFT PCUBJOFE GSPN UIF mU PG /3 EBUB UP UIF
NPEFM PG -BZFS � BOE � JO G�DFMMVMPTF mMNT 	���
 JO %�0 	SFE DJSDMFT

 $.4J 	HSFFO SIPNCVT
 BOE
)�0 	CMVF SFDUBOHMFT
� 3FE BOE CMVF EBTI MJOFT SFQSFTFOU UIF UIFPSFUJDBM 4-% WBMVFT PG G�DFMMVMPTF
JO %�0 BOE )�0
 SFTQFDUJWFMZ�

ɨF SFTVMUT PCUBJOFE GSPN UIF /3 TUVEJFT PG DFMMVMPTF mMNT BSF TVNNBSJ[FE JO
5BCMF ��� BMPOH XJUI UIF SFTVMUT GSPN UIF IFNJDFMMVMPTF BETPSQUJPO FYQFSJNFOUT
XIJDI XJMM CF EJTDVTTFE JO UIF GPMMPXJOH TVCTFDUJPO�

ɨF PWFSBMM UIJDLOFTT PG UIF DFMMVMPTF mMNT WBSJFT CFUXFFO ��� BOE ��� ¯� "MM
mMNT IBWF SFMBUJWFMZ TJNJMBS GFBUVSFT JODMVEJOH B UIJO BOE TNPPUI JOOFS MBZFS 	-BZFS �

BOE B UJDLFS BOE SPVHIFS PVUFS MBZFS 	-BZFS �
� *U TIPVME CF OPUFE UIBU mMN � IBT
NVDI IJHIFS SPVHIOFTT PG UIF JOOFS MBZFS XIJDI DPVME CF FYQMBJOFE CZ UIF GBDU UIBU
UIF mMN XBT QSFQBSFE GSPN B EJĊFSFOU CBUDI PG DFMMVMPTF TPMVUJPOT BT DPNQBSFE UP UIF
SFTU PG UIF TBNQMFT� #BTFE PO UIFTF PCTFSWBUJPOT BOE UIF QSFWJPVT EJTDVTTJPO BCPVU
UIF 4-% WBMVFT
 XF DBO TQFDVMBUF UIBU UIF JOOFS MBZFS PG UIF TQJO�DPBUFE DFMMVMPTF mMNT
DPOUBJO B TJHOJmDBOU OVNCFS PG DFMMVMPTF DSZTUBMMJUFT XIFSFBT UIF PVUFS MBZFS NBJOMZ
DPNQSJTFT BNPSQIPVT DFMMVMPTF mCSJMT� $FMMVMPTF mMNT BSF IJHIMZ TXPMMFO XJUI UIF
TPMWFOU QFOFUSBUJPO BCPWF �� % UISPVHIPVU UIF mMN� ɨF BCJMJUZ PG DFMMVMPTF mCSJMT
UP BDDVNVMBUF MBSHF BNPVOUT PG XBUFS IBT CFFO XJEFMZ EJTDVTTFE�ŋ©ùŋŇù�¤ŉĐ�¤ŋ )JHI
EFHSFF PG TXFMMJOH XBT PCTFSWFE FWFO JO UIF QSFWJPVT TFDUJPO CVU XJUI B TQJO�DPBUFE
NJDSPDSZTUBMMJOF DFMMVMPTF mMNT� "OPUIFS JNQPSUBOU GFBUVSF PG UIF G�DFMMVMPTF mMNT
JT UIF TPMWFOU HSBEJFOU GSPN UIF JOOFS UP UIF PVUFS MBZFS� ɨF EJĊFSFOU TPMWFOU EJT�
USJCVUJPO IBT CFFO QSFWJPVTMZ PCTFSWFE XJUI UIF TQJO DPBUFE DFMMVMPTF mMNT QPTTJCMZ
EVF UP B NPMFDVMBS DPOmOFNFOU PS EVF UP FĊFDUT PG UIF TVQQPSUJOH TVCTUSBUF��¤ŋ
4VSQSJTJOHMZ
 UIF TPMWFOU DPOUFOU JT IJHIFS JO UIF JOOFS MBZFS EFTQJUF UIF IJHIFS EFHSFF

��



PG DSZTUBMMJOJUZ� )PXFWFS
 XBUFS BDDVNVMBUJPO CFUXFFO DSZTUBMMJOF QMBUFT IBT CFFO
SFQPSUFE JO MJUFSBUVSF JO UIF mMNT QSFQBSFE XJUI UIF EJTQFSTFE DFMMVMPTF OBOPDSZTUBMT�ŋŇ

5BCMF ��� 5IJDLOFTT 	5

 TPMWFOU WPMVNF GSBDUJPO 	7
 BOE SPVHIOFTT 	3
 PG DFMMVMPTF 	$
 MBZFST
CFGPSF BOE BGUFS BEEJUJPO PG UIF NBOOBO�CBTFE QPMZTBDDIBSJEFT PCUBJOFE GSPN UIF mUUJOH PG B
UXP PS UISFF MBZFS NPEFM UP UIF /3 EBUB� )FSF 41 JT TUFBN FYUSBDUJPO BOE 5.1 JT UIFSNPNFDI�
BOJDBM QVMQ HBMBDUPHMVDPNBOOBOT
 -#(� JT ��� L% MPDVTU CFBO HVN HBMBDUPNBOOBO BOE -#( JT
UIF DPSSFTQPOEJOH IJHIFS NPMFDVMBS XFJHIU TBNQMF 	��� L%

 (( JT HVBS HVN HBMBDUPNBOOBO�

� � � � �
-BZFS 1BSBNFUFS $ 41 $ 5.1 $ -#(� $ (( $ -#(

�
5 <¯> �

7 <W�W
 %> �
3 <¯> �

�
5 <¯> �� �� �� �� �� ��

7 <W�W
 %> �� �� �� �� �� ��
3 <¯> � ��� �� �� � �

�
5 <¯> �� �� �� �� �� ��� �� �� �� ���

7 <W�W
 %> �� �� �� �� �� �� �� �� �� ��
3 <¯> �� �� �� �� �� �� �� �� �� ��

�
5 <¯> ��� ��� ��� ��� ���

7 <W�W
 %> �� �� �� �� ��
3 <¯> �� �� �� �� ��

����� )FNJDFMMVMPTF BETPSQUJPO UP UIF CBDUFSJBM DFMMVMPTF TVSGBDFT

ɨF NBOOBO TBNQMFT XFSF BEEFE UP UIF SFnFDUPNFUSZ DFMM BGUFS UIF TQJO�DPBUFE DFM�
MVMPTF mMNT XFSF DIBSBDUFSJ[FE JO UISFF JTPUPQJD DPOUSBTUT� "T TPPO BT UIF BETPSQ�
UJPO SFBDIFE TUFBEZ TUBUF
 UIF DFMM XBT SJOTFE BOE UIF SFnFDUJWJUZ XBT NFBTVSFE PODF
NPSF JO UISFF JTPUPQJD TPMWFOUT� ɨF UZQJDBM SFnFDUJWJUZ DVSWFT PG UIF IFNJDFMMVMPTF
BETPSCFE UP UIF TQJO�DPBUFE G�DFMMVMPTF TVSGBDF JO UIF )�0 BOE UIF $.4J BMPOH XJUI
UIF DPSSFTQPOEJOH OFBU DFMMVMPTF DVSWFT BSF QSFTFOUFE JO 'JHVSF ����� 4JNJMBSMZ UP
DFMMVMPTF
 IFNJDFMMVMPTF DPOUBJOT FYDIBOHFBCMF IZESPHFO BUPNT ZJFMEJOH B EJĊFSFOU
4-% WBMVF EFQFOEJOH PO UIF DPOUSBTU� ɨF FYQFDUFE 4-% PG IFNJDFMMVMPTF JO %�0 JT
����Y��−� ¯−� XIFSFBT JO )�0 JU JT ����Y��−� ¯−�� ɨF MBSHFTU TIJGU DBO CF TFFO JO
UIF )�0 JTPUPQJD DPOUSBTU
 IPXFWFS TNBMM DIBOHFT BSF OPUJDFBCMF FWFO JO UIF $.4J�
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'JHVSF ���� /FVUSPO SFnFDUJWJUZ BT B GVODUJPO PG NPNFOUVN USBOTGFS 	2
 PG G�DFMMVMPTF TVSGBDF
	mMMFE DJSDMFT
 JO )�0 	CMBDL

 $.4J 	EBSL SFE
 BOE UIF BETPSCFE (( 	FNQUZ DJSDMFT
 JO )�0 	HSBZ


$.4J 	MJHIU SFE
� 4PMJE MJOFT SFQSFTFOU UIFPSFUJDBM mU� 5IF JOTFU JMMVTUSBUFT UIF TDBUUFSJOH MFOHUI
EFOTJUZ 	4-%
 QSPmMFT BT B GVODUJPO PG EJTUBODF GSPN UIF 4J TVSGBDF�

" NPEFM DPOTJTUJOH PG UIF JOUBDU DFMMVMPTF MBZFS BOE BO BEEFE IFNJDFMMVMPTF MBZFS XBT
mUUFE UP UIF FYQFSJNFOUBM EBUB� )PXFWFS
 UIF HPPEOFTT PG UIF mU XBT VOTBUJTGBDUPSZ
GPS BMM PG UIF NBOOBO TBNQMFT� " OFX NPEFM UIBU BMMPXT UIF QFOFUSBUJPO PG IFNJDFM�
MVMPTF JOUP UIF PVUFS MBZFS 	-BZFS �
 PG UIF DFMMVMPTF mMN 	BOE JOOFS MBZFS
 JO DBTF PG
TBNQMF �
 XBT
 UIFSFGPSF
 VTFE� ɨF TVNNBSZ PG UIF SFTVMUT PCUBJOFE CZ BQQMZJOH UIJT
NPEFM UP UIF SFnFDUJWJUZ DVSWFT PG UIF IFNJDFMMVMPTF TBNQMFT JT QSFTFOUFE JO 5BCMF ����

ɨF NBOOBO�CBTFE QPMZTBDDIBSJEFT XFSF GPVOE UP EJĊVTF JOUP UIF PVUFS MBZFS
PG UIF DFMMVMPTF mMN
 SFTVMUJOH JO B UIJDLFS BOE EFOTFS MBZFS BT EFNPOTUSBUFE CZ
UIF EFDSFBTFE TPMWFOU WPMVNF GSBDUJPO BT DPNQBSFE UP UIF QVSF DFMMVMPTF MBZFS JO
5BCMF ���� ɨF JOOFS MBZFS PG UIF DFMMVMPTF
 IPXFWFS
 SFNBJOT JOUBDU QPTTJCMZ EVF UP B
DFSUBJO EFHSFF PG DSZTUBMMJOJUZ BT EJTDVTTFE FBSMJFS� ɨF BEEFE MBZFS 	-BZFS �
 JT IJHIMZ
TPMWBUFE 	�� � �� %
 XIJDI IBT CFFO PCTFSWFE XJUI UIFTF UZQFT PG NBOOBOT BETPSCFE
PO B IZESPQIPCJD TVSGBDF JO UIF QSFWJPVT TFDUJPO��©Ņ
ɨF BETPSCFE BNPVOU 	Γ 
 PG UIF IFNJDFMMVMPTF TBNQMFT JO FBDI PG UIF MBZFST XBT
FTUJNBUFE GSPN UIF 4-% PG UIF MBZFS� ɨF SFTVMUT BSF TVNNBSJ[FE JO 5BCMF ���� ɨF
UPUBM Γ PG UIF NBOOBO TBNQMFT XBT CFUXFFO ��� BOE ��� NH N−�� ɨF BETPSQUJPO
EPFT OPU TFFN UP GPMMPX B TJNJMBS USFOE BT PCTFSWFE JO UIF QSFWJPVT TFDUJPO JO UIF

��



FMMJQTPNFUSZ FYQFSJNFOUT� )PXFWFS
 PODF UIF BETPSCFE BNPVOU XBT OPSNBMJ[FE
UP UIF DFMMVMPTF mMN UIJDLOFTT
 UIF USFOE SFMBUJOH UIF NBOOBO QSPQFSUJFT UP UIF
BETPSQUJPO DBO CF PCTFSWFE� ɨF BETPSCFE BNPVOU JO UIF DFMMVMPTF mMN EFDSFBTFT
JO UIF GPMMPXJOH PSEFS 41�5.1�-#(��-#(� ɨF IJHIFTU BETPSCFE BNPVOU XBT
PCUBJOFE XJUI 41 ((. 	�� LH N−�
 XIJDI IBT UIF MPXFTU NPMFDVMBS XFJHIU
 BT
XFMM BT UIF HBMBDUPTF TVCTUJUVUJPO EFHSFF� ɨF NBOOBO XJUI UIF IJHIFTU NPMFDVMBS
XFJHIU 	-#(
 BOE UIF IJHIFTU CSBODIJOH EFHSFF TJNJMBS UP 5.1 BOE -#(� ZJFMEFE
UIF MPXFTU BETPSCFE BNPVOU 	�� LH N−�
� #BTFE PO UIFTF PCTFSWBUJPOT
 UIF GBJSMZ
PQFO BOE QPSPVT OBUVSF PG UIF DFMMVMPTF TVSGBDFT 	BT FWJEFODFE CZ UPQPHSBQIZ QSPmMF
JO 'JHVSF ���
 JT MJLFMZ UP BMMPX B IJHIFS OVNCFS PG TNBMMFS NPMFDVMFT UP EJĊVTF JOUP
UIF DFMMVMPTF MBZFS� *O BEEJUJPO
 BT JU IBT CFFO EFNPOTUSBUFE JO UIF QSFWJPVT TFDUJPO

41 JT NPSF nFYJCMF UIBO UIF SFTU PG UIF NBOOBOT EVF UP B TJHOJmDBOUMZ MPXFS HBMBDUPTF
TVCTUJUVUJPO EFHSFF XIJDI NBLFT JU FBTJFS UP PDDVQZ UIF QPSFT JO UIF DFMMVMPTF MBZFS��©Ņ
ɨF NBOOBO XJUI UIF IJHIFTU TVCTUJUVUJPO EFHSFF 	((
 ZJFMEFE B SFMBUJWFMZ IJHI
BETPSCFE BNPVOU EFTQJUF IBWJOH UIF IJHIFTU TVCTUJUVUJPO EFHSFF XIJDI TVHHFTUT UIBU
UIF BETPSQUJPO XBT QPTTJCMZ BĊFDUFE CZ UIF IJHI QPMZEJTQFSTJUZ PG UIF TBNQMF PS
FĊFDUT PG UIF TQJO�DPBUJOH�

5BCMF ��� 4-% PG UIF MBZFST BGUFS BEEJUJPO PG IFNJDFMMVMPTF PCUBJOFE GSPN UIF mUUJOH PG /3 EBUB
BOE UIF DBMDVMBUFE BETPSCFE BNPVOU PG IFNJDFMMVMPTF JO FBDI MBZFS 	Γ)
 UIF UPUBM BOE OPSNBM�
J[FE BETPSCFE BNPVOU PG UIF IFNJDFMMVMPTF
 BT XFMM BT UIF OPSNBMJ[FE BETPSCFE BNPVOU PG UIF
DFMMVMPTF MBZFS 	Γ$
�

-BZFS 1BSBNFUFS 41 5.1 -#(� (( -#(

� 4-% <��−� ¯−�> ����
Γ) <NH N−�> ���

� 4-% <��−� ¯−�> ���� ���� ���� ���� ����
Γ) <NH N−�> ��� ��� ��� ��� ���

� 4-% <��−� ¯−�> ���� ���� ���� ���� ����
Γ) <NH N−�> ��� ��� ��� ��� ���

5PUBM Γ) <NH N−�> ��� ��� ��� ��� ���
/PSNBMJ[FE UPUBM Γ) <LH N−�> �� �� �� �� ��

/PSNBMJ[FE Γ$ <LH N−�> ��� �� �� �� ��

ɨFTF SFTVMUT
 IPXFWFS
 BSF DPOUSBEJDUPSZ XJUI UIF SFTVMUT EFNPOTUSBUFE JO UIF QSFWJPVT
TFDUJPO XIFSF UIF NBOOBOT XJUI UIF IJHIFTU NPMFDVMBS XFJHIU ZJFMEFE UIF IJHIFTU
BETPSCFE BNPVOU PO UIF DFMMVMPTF TVSGBDFT� "TTVNJOH UIBU UIF UZQF PG DFMMVMPTF VTFE
GPS UIF QSFQBSBUJPO PG UIF mMNT EJE OPU IBWF B TJHOJmDBOU FĊFDU PO UIF BETPSQUJPO
 JU
DBO CF TQFDVMBUFE UIBU UIF EJĊFSFODF BSPTF GSPN B NVDI IJHIFS DPODFOUSBUJPO PG UIF
IFNJDFMMVMPTF TBNQMFT 	��� NH N-−�
 VTFE JO UIJT TUVEZ DPNQBSFE UP UIF QSFWJPVT

��



XPSL 	���� NH N-−�
� ɨJT JOEJDBUFT UIBU UIF BETPSQUJPO PG UIFTF NBOOBOT PO UIF
DFMMVMPTF TVSGBDFT GPMMPXT DPOUSBTUJOH UFOEFODJFT EFQFOEJOH PO UIF DPODFOUSBUJPO� ɨF
BETPSQUJPO PG TNBMM NPMFDVMFT JT MFTT GBWPSBCMF JO UIF MPX DPODFOUSBUJPO SFHJNF EVF
UP UIF MPTT JO USBOTMBUJPOBM FOUSPQZ PG UIFTF TQFDJFT� ɨF PQQPTJUF IBQQFOT JO UIF IJHI
DPODFOUSBUJPO SFHJNF XIFSF TNBMM QPMZNFST BETPSC XJUI B IJHIFS JOUFOTJUZ UP QSFWFOU
UIF MPTT JO DPOGPSNBUJPOBM FOUSPQZ PG MBSHF TQFDJFT��©� )FSF
 UIF FĊFDU JT FMFWBUFE EVF
UP UIF QPSPTJUZ PG UIF DFMMVMPTF mMN UIBU SFTUSJDUT EJĊVTJPO PG MBSHF NPMFDVMFT JOTJEF
UIF mMN�

��



� 1IZTJDP�DIFNJDBM QSPQFSUJFT
PG DPNQPVOET EFSJWFE GSPN
IFNJDFMMVMPTF

#Z OPX ZPV TIPVME BMSFBEZ CF JOUSJRVFE CZ UIF OBUVSF PG IFNJDFMMVMPTF� )PXFWFS
 JG
ZPV BSF OPU ZFU BCTPMVUFMZ DPOWJODFE UIBU IFNJDFMMVMPTF JT BO FYDFMMFOU BOE WFSTBUJMF
NBUFSJBM
 UIJT DIBQUFS JT GPS ZPV� #Z VTF PG DFSUBJO UPPMT
 IFNJDFMMVMPTF DBO CFDPNF UIF
CBTJT GPS B WBSJFUZ PG EJĊFSFOU DPNQPVOET� )FSF
 * GPDVT PO UISFF UZQFT PG DPNQPTJUFT
UIBU XFSF DSFBUFE CZ VUJMJTJOH IFNJDFMMVMPTF BT B SBX NBUFSJBM� MJQJE MJRVJE DSZTUBMMJOF
OBOPQBSUJDMFT
 UIFSNP�SFTQPOTJWF HMZDPQPMZNFST BOE BMLZM NBOOPPMJHPTJEF TVSGBDU�
BOUT� 4JODF UIJT UIFTJT JT XSJUUFO GSPN UIF QIZTJDBM DIFNJTUSZ QPJOU PG WJFX
 * XJMM OPU
HP JOUP EFUBJMT PG TZOUIFTJT CVU SBUIFS GPDVT PO UIF DIBSBDUFSJTBUJPO PG TUSVDUVSF BOE
QIZTJDP�DIFNJDBM QSPQFSUJFT PG UIFTF DPNQPVOET�

��� #JDPOUJOVPVT DVCJD MJRVJE DSZTUBMMJOF QIBTF OBOPQBSUJDMFT
TUBCJMJTFE CZ TPGUXPPE IFNJDFMMVMPTF

-JQJE TFMG�BTTFNCMZ JO XBUFS JT BO JOUSJHVJOH QIFOPNFOPO UIBU IBT BMSFBEZ GPVOE
JUT VTF JO B WBSJFUZ PG BQQMJDBUJPOT JO GPPE BOE QIBSNBDFVUJDBM JOEVTUSJFT� (MZDFSPM
NPOPPMFBUF PS TJNQMZ NPOPPMFJO 	(.0
 JT UIF NPTU DPNNPOMZ VTFE MJQJE GPS UIF
QSFQBSBUJPO PG DVCJD QIBTF OBOPQBSUJDMFT JO XBUFS�©©ù�©¤ù�©© )PXFWFS
 JO PSEFS UP QSF�
WFOU QBSUJDMFT GSPN BHHSFHBUJOH BOE EFDSFBTF TJ[F QPMZEJTQFSTJUZ
 B TUBCJMJ[FS JT PGUFO
BEEFE UP UIF GPSNVMBUJPO� *O UIJT TFDUJPO
 * XJMM TIPX IPX TPGUXPPE IFNJDFMMVMPTF
DBO CF VTFE BT B TUBCJMJ[FS GPS TVDI OBOPQBSUJDMFT�

��



����� 1SFQBSBUJPO NFUIPE PQUJNJ[BUJPO

'PS UIF TUBCJMJ[BUJPO PG DVCJD QIBTF OBOPQBSUJDMFT UXP TPGUXPPE IFNJDFMMVMPTF TBNQMFT
XFSF UFTUFE � GSPN UIFSNPNFDIBOJDBM QVMQ NJMM 	5.1
 BOE GSPN TQFOU�TVMQIJUF MJRVPS
	44-
� 5BCMF ��� TIPXT B TVNNBSZ PG UIF NBJO JOHSFEJFOUT JO FBDI TBNQMF� *O UIF
UIFSNPNFDIBOJDBM QSPDFTT
 UIF DFMMVMPTF mCSFT BSF NFDIBOJDBMMZ TFQBSBUFE VOEFS IJHI
UFNQFSBUVSF BOE QSFTTVSF
 XIJDI JT GBJSMZ JOFĊFDUJWF GPS MJHOJO SFNPWBM� ɨFSFGPSF
QSPDFTT XBUFST VTVBMMZ DPOUBJO NBJOMZ XBUFS�TPMVCMF IFNJDFMMVMPTFT XJUI B WFSZ MPX
DPOUFOU PG MJHOJO 	���� % JO PVS DBTF
� 4QFOU�TVMQIJUF MJRVPS
 PO UIF PUIFS IBOE
 JT
UIF CZ�QSPEVDU PG B DIFNJDBM QSPDFTT XIJDI JT NVDI IBSTIFS BOE UIFSFGPSF VTVBMMZ
DPOUBJOT B TVCTUBOUJBM BNPVOU PG MJHOJO� 4BNQMFT VTFE JO UIJT TUVEZ XFSF BEEJUJPOBMMZ
QVSJmFE XJUI VMUSBmMUSBUJPO
 EJBmMUSBUJPO BOE BOUJ�TPMWFOU QSFDJQJUBUJPO JO PSEFS UP
EFDSFBTF UIF MJHOJO DPOUFOU
 IPXFWFS UIFSF XBT TUJMM ��� % PG MJHOJO QSFTFOU JO UIF 44-
FYUSBDU�

5BCMF ��� 5IF DIFNJDBM DPNQPTJUJPO PG UIF 5.1 BOE 44- IFNJDFMMVMPTF TBNQMFT TIPXO BT
XFJHIU QFSDFOUBHF PG UPUBM ESZ TPMJET 	5%4
�

8U � PG 5%4
5.1 44-

"TI � ����
-JHOJO ���� ���

$BSCPIZESBUFT
"SBCJOPTF � ���
(BMBDUPTF ���� ����
(MVDPTF ��� ����
9ZMPTF ��� ����
.BOOPTF �� ����
$FMMPCJPTF O�E� ����

"DJET
-BDUJD BDJE O�E� ����
"DFUJD BDJE O�E� ����
'PSNJD BDJE O�E� ����
-FWVMJOJD BDJE O�E� ����
'VSGVSBM O�E� ����
)ZESPYZNFUIZMGVSGVSBM O�E� ����

" UPQ�EPXO BQQSPBDI XBT VTFE UP QSFQBSF UIF GPSNVMBUJPOT XIFSF mSTU B UIJO MJQJE
mMN XBT DSFBUFE PO UIF XBMMT PG B TBNQMF WJBM BOE UIFO
 BGUFS BEEJOH IFNJDFMMVMPTF

��



TPMVUJPO 	� NH N-−�

 UIF DPBSTF EJTQFSTJPO XBT TPOJDBUFE XJUI B UJQ TPOJDBUPS
UP CSFBL UIF mMN BQBSU BOE GPSDF MJQJE NPMFDVMFT UP TFMG�BTTFNCMF JOUP DVCPTPNFT�
'JHVSF ��� QSFTFOUT 4"94 DVSWFT GPS EJĊFSFOU QSFQBSBUJPOT PG UIF EJTQFSTJPO XJUI
WBSZJOH DPODFOUSBUJPOT PG (.0 BOE TPOJDBUJPO UJNFT� ɨF #SBHH QFBLT XJUI UIF
IJHIFTU TDBUUFSJOH JOUFOTJUZ XFSF PCTFSWFE GPS UIF TBNQMF XJUI �� NH N-−� PG (.0
BOE TPOJDBUJPO UJNF PG �� BOE �� NJO� )PXFWFS
 BGUFS �� NJO PG TPOJDBUJPO
 UIF
#SBHH QFBLT JO TDBUUFSJOH DVSWF BSF TMJHIUMZ TIJGUFE UP MPXFS T WBMVFT
 JOEJDBUJOH B
MBSHFS MBUUJDF QBSBNFUFS BOE XBUFS DIBOOFM SBEJVT�

0.04

0.03

0.02

I(q
) [

a.u
.]

0.400.350.300.250.200.150.100.05

q [Å-1]

110
100

200

 2.5 mg mL-1

 5 mg mL-1

 10 mg mL-1

	B


0.04

0.03

0.02

I(q
) [

a.
u.

]

0.400.350.300.250.200.150.100.05
q [Å-1]

110

100

200

 15 min
 12 min
 8 min
 4 min

	C


'JHVSF ��� 4"94 DVSWFT PG UIF 5.1�/1T BU ���
 � BOE �� NH N-−� PG (.0 XJUI �� NJO PG
TPOJDBUJPO UJNF 	B
 BOE BGUFS �
 �
 �� BOE �� NJO PG TPOJDBUJPO UJNF 	C
 BU �� NH N-−� (.0
DPODFOUSBUJPO� /VNCFST JOEJDBUF .JMMFS JOEJDFT�

ɨF %-4 SFTVMUT JO 'JHVSF ��� EFNPOTUSBUF UIBU UIF TJ[F BOE 1E* PG UIF OBOPQBSUJDMFT
JT GBJSMZ TUBCMF BGUFS � NJO PG TPOJDBUJPO� 4JODF MBSHFS QPSFT PG UIF OBOPTUSVDUVSF BSF
NPSF EFTJSBCMF GPS UIF FODBQTVMBUJPO QVSQPTF PG IZESPQIJMJD ESVHT
 BMM GPSNVMBUJPOT

��



XFSF QSFQBSFE CZ TPOJDBUJOH GPS �� NJO�

200

160

120

80

D
h 

[n
m

]

14121086420
Sonication time [min]

0.5

0.4

0.3

0.2

0.1

PdI

'JHVSF ��� $IBOHF JO 'I 	CMVF DJSDMFT
 BOE 1E* 	HSFFO USJBOHMFT
 PG 5.1�/1T XJUI TPOJDBUJPO
UJNF�

����� $IBSBDUFSJ[BUJPO PG UIF /1T

4USVDUVSF BOE NPSQIPMPHZ PG UIF OBOPQBSUJDMFT XBT TUVEJFE XJUI 4"94 BOE DSZP�
5&.� 'JHVSF ��� TIPXT TDBUUFSJOH DVSWFT PG UIF 5.1� BOE 44-�TUBCJMJ[FE OBOP�
QBSUJDMFT� #PUI PG UIF TDBUUFSJOH QSPmMFT DPOUBJO UXP DMFBSMZ WJTJCMF #SBHH QFBLT TVH�
HFTUJOH B QSFTFODF PG B IJHIMZ PSEFSFE TUSVDUVSF� #BTFE PO UIF QFBL QPTJUJPOT
 B MBUUJDF
QBSBNFUFS BOE XBUFS DIBOOFM SBEJVT XBT EFUFSNJOFE GPS FBDI GPSNVMBUJPO� "T JOEJD�
BUFE JO 5BCMF ���
 CPUI PG UIF TBNQMFT DPOUBJO 1O�N QIBTF DVCPTPNFT XJUI ��� ¯
MBUUJDF QBSBNFUFS BOE XBUFS DIBOOFMT XJUI SBEJVT PG �� ¯ XIJDI JT TJNJMBS UP UIF SF�
QPSUFE EBUB JO MJUFSBUVSF PO UIF DVCPTPNFT TUBCJMJ[FE XJUI 1MVSPOJDT��©¤ù�©ņù�©Ň
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0.04

0.03

0.02

I(q
) [

a.
u.

]

0.40.30.20.1
q [Å-1]

110

111

200

 TMP NPs
 SSL NPs

'JHVSF ��� 4"94 DVSWFT PG UIF 5.1�/1T 	EBSL CMVF
 BOE 44-�/14 	SFE
 GPSNVMBUJPOT� /VNCFST
JOEJDBUF .JMMFS JOEJDFT�

*O FYDFTT PG XBUFS
 NPOPPMFJO JT LOPXO UP BTTFNCMF JOUP 1O�N DVCJD QIBTF OBO�
PQBSUJDMFT
 IPXFWFS BEEJUJPO PG UIF DPNNPOMZ VTFE 1MVSPOJDT TUBCJMJ[FST BĊFDUT UIF
JOUFSOBM TUSVDUVSF PG UIF DVCPTPNFT SFTVMUJOH JO B NJYUVSF PG 1O�N BOE *N�N�©ņ
$VCPTPNFT XJUI UIF 1O�N QIBTF DBO CF NPSF BEWBOUBHFPVT BT ESVH EFMJWFSZ TZTUFNT
EVF UP TNBMMFS QPSFT JG B TMPXFS SFMFBTF PG TNBMM IZESPQIJMJD NPMFDVMFT JT SFRVJSFE��©ň

5BCMF ��� 5ZQF PG UIF DVCJD QIBTF
 MBUUJDF QBSBNFUFS 	B
 BOE XBUFS DIBOOFM SBEJVT 	UZ
 PG 5.1�
/1T BOE 44-�/1T GPSNVMBUJPOT EFUFSNJOFE GSPN 4"94 DVSWFT TFFO JO 'JHVSF ����

4BNQMF 1IBTF D ± 4% <¯> UZ ± 4% <¯>
5.1�/1T 1O�N ���� ± ��� ���� ± ���
44-�/1T 1O�N ���� ± ��� ���� ± ���

ɨF IZESPEZOBNJD EJBNFUFS 	'I
 BOE ζ�QPUFOUJBM PG UIF OBOPQBSUJDMFT XBT EF�
UFSNJOFE XJUI %-4 BOE FMFDUSPQIPSFUJD NPCJMJUZ NFBTVSFNFOUT
 SFTQFDUJWFMZ� "T
TIPXO JO 5BCMF ���
 DVCPTPNFT JO CPUI PG UIF GPSNVMBUJPOT BSF BSPVOE ��� ON JO
EJBNFUFS XJUI UIF 1E* PG ���� ɨFTF QBSBNFUFST DPSSFMBUF XFMM XJUI UIF DVCPTPNF
GPSNVMBUJPOT SFQPSUFE JO MJUFSBUVSF VTJOH PUIFS UZQFT PG TUBCJMJ[FST��©¤ù�©ŉ %FTQJUF
UIF GBDU UIBU UIF QBSUJDMFT JO UXP EJTQFSTJPOT BSF RVJUF TJNJMBS JO TJ[F BOE 1E*
 UIF
EFSJWFE DPVOU SBUF PG UIF 44-�/1T JT NPSF UIBO EPVCMF UIBO UIBU PG UIF 5.1�/1T
TBNQMF� 4VDI B EJĊFSFODF JOEJDBUFT B NVDI IJHIFS BNPVOU PG UIF EJTQFSTFE QIBTF JO
UIF 44-�TUBCJMJ[FE GPSNVMBUJPO� ɨJT JT OPU TVSQSJTJOH TJODF UIF 44-�/1T EJTQFSTJPO

��



IBT B IJHIFS ζ�QPUFOUJBM TVHHFTUJOH B CFUUFS FMFDUSPTUBUJD TUBCJMJUZ� )PXFWFS
 JU
IBT CFFO QSFWJPVTMZ TIPXO UIBU TUBCJMJ[BUJPO PG FNVMTJPO XJUI IFNJDFMMVMPTF JT
NBJOMZ ESJWFO CZ TUFSJD SFQVMTJPO��©Ŋ ɨF ζ�QPUFOUJBM PG IFNJDFMMVMPTF FYUSBDUT JT
JO SBOHF XJUI UIF POFT SFQPSUFE JO MJUFSBUVSF��©ŋ ɨF DIBSHF PG FYUSBDUT JT CFMJFWFE
UP CF NBJOMZ DBVTFE CZ UIF QSFTFODF PG BDJEJD HSPVQT TJODF HBMBDUPHMVDPNBOOBOT
BSF OFVUSBM QPMZTBDDIBSJEFT��©ŋ *OUFSFTUJOHMZ
 ζ�QPUFOUJBM PG CPUI PG UIF GPSNVMB�
UJPOT JT IJHIFS JO NBHOJUVEF DPNQBSFE UP UIF QVSF IFNJDFMMVMPTF FYUSBDUT� ɨJT
QIFOPNFOPO IBT QSFWJPVTMZ CFFO PCTFSWFE GPS UIF NPOPPMFJO GPSNVMBUJPOT TUB�
CJMJ[FE XJUI OPO�JPOJD TUBCJMJ[FST��©ŉù�ņŅ ɨF BQQBSFOU OFHBUJWF DIBSHF JT TVHHFTUFE
UP CF DBVTFE CZ B TFMFDUJWF BETPSQUJPO PG IZESPYJEF JPOT BU UIF MJQJE�XBUFS JOUFSGBDF��ņ�

5BCMF ��� "QQBSFOU BWFSBHF IZESPEZOBNJD EJBNFUFS 	'I

 QPMZEJTQFSTJUZ JOEFY 	1E*

 EFSJWFE
DPVOU SBUF
 ζ�QPUFOUJBM BOE Q) PG QVSF 5.1 BOE 44- FYUSBDU
 BT XFMM BT 5.1�/1T BOE 44-�/1T
EFUFSNJOFE BU ��◦$�

4BNQMF 'I ± 4% <ON> 1E* ± 4% %FSJWFE DPVOU SBUF ± 4% ζ�QPUFOUJBM ± 4% <N7> Q)
5.1�/1T ��� ± � ���� ± ���� ��� ± � ����� ± ��� ����
44-�/1T ����� ± ��� ���� ± ���� ���� ± �� ����� ± ��� ����
5.1 � � � ��� ± � ����
44- � � � ����� ± ��� ����

.PSQIPMPHZ PG UIF OBOPQBSUJDMFT XBT TUVEJFE XJUI DSZP�5&.� 'JHVSF ��� TIPXT
NJDSPHSBQIT PG UIF 5.1�/1T BOE 44-�/1T GPSNVMBUJPOT� *O CPUI PG UIF TBNQMFT
DVCPTPNFT XFSF PCTFSWFE XJUI EJNFOTJPOT TJNJMBS UP UIF POFT PCUBJOFE XJUI %-4�
*OTJHOJmDBOU BNPVOU PG WFTJDMFT XBT BMTP QSFTFOU JO UIF GPSNVMBUJPOT 	'JHVSF ���#
BOE $
� "GUFS BQQMZJOH �% 'PVSJFS USBOTGPSN mMUFS UP UIF JNBHFT PG UIF DVCPTPNFT
 B
MBUUJDF QBSBNFUFS PG UIF OBOPQBSUJDMFT XBT EFUFSNJOFE� 0CUBJOFE MBUUJDF QBSBNFUFST
BSF �� ¯ GPS 5.1�/1T BOE ��� ¯ GPS 44-�/1T DIBSBDUFSJTUJD UP 1O�N QIBTF XIJDI
BHSFFT XFMM XJUI WBMVFT DBMDVMBUFE CBTFE PO UIF 4"94 EBUB�

*O BEEJUJPO UP DVCPTPNFT BOE WFTJDMFT
 MBSHF
 JSSFHVMBS GSBDUBM�MJLF TUSVDUVSFT
XFSF QSFTFOU JO UIF 5.1�/1T EJTQFSTJPO� 4USVDUVSFT PG TJNJMBS UZQF IBWF QSFWJPVTMZ
CFFO TIPXO UP BSJTF GSPN UIF BTTFNCMZ PG B WBSJFUZ PG IFNJDFMMVMPTF TBNQMFT JODMVEJOH
UIF POFT EFTDSJCFE JO $IBQUFS � PG UIJT UIFTJT�Ŋņù�©Ņ 8F DBO TQFDVMBUF UIBU TJODF
UIFTF PCKFDUT BSF BCTFOU JO UIF 44-�/1T NJDSPHSBQIT
 NPTU PG UIF IFNJDFMMVMPTF JT
BTTPDJBUFE XJUI NPOPPMFJO JO DVCJD QIBTF OBOPQBSUJDMFT� ɨF 44- FYUSBDU DPOUBJOT
B MBSHFS BNPVOU PG MJHOJO UIBU JT TUSPOHMZ BTTPDJBUFE PS FWFO DPWBMFOUMZ CPVOE
XJUI IFNJDFMMVMPTF� %VF UP JUT IZESPQIPCJD OBUVSF
 MJHOJO XPVME JOUFSBDU XJUI
IZESPQIPCJD QBSU PG NPOPPMFJO BOE UIF BTTPDJBUFE IFNJDFMMVMPTF XPVME TUFSJDBMMZ
TUBCJMJ[F UIF OBOPQBSUJDMFT�

��



'JHVSF ��� $SZP�5&. JNBHFT PG UIF 5.1�/1T 	" BOE #
 BOE 44-�/1T 	$ BOE %
 TBNQMF BU
�� NH N-−� PG (.0� *OTFUT SFQSFTFOU DVCPTPNF JOUFSBOBM TUSVDUVSF BGUFS BQQMZJOH �% 'PVSJFS
USBOTGPSN mMUFS UP UIF JNBHFT� 5IF TDBMF CBS JT ��� ON 	" BOE $
 BOE ��� ON 	# BOE %
�

����� 4UBCJMJUZ PG UIF OBOPQBSUJDMFT

"T XBT BMSFBEZ NFOUJPOFE CFGPSF
 POF PG UIF NBJO QPUFOUJBM BQQMJDBUJPOT GPS DVCJD
QIBTF EJTQFSTJPOT JT ESVH FODBQTVMBUJPO BOE EFMJWFSZ� ɨFSFGPSF
 TUBCJMJUZ PG UIF GPS�
NVMBUJPO VOEFS QIZTJPMPHJDBM DPOEJUJPOT JT PG VUNPTU JNQPSUBODF� 'PS UIJT SFBTPO
 UIF
TJ[F BOE 1E* PG UIF DVCPTPNFT XBT GPMMPXFE GPS � IPVST BGUFS EJMVUJOH XJUI QIPTQIBUF
CVĊFSFE TBMJOF 	1#4
 Q) ���
 ���� QIPTQIBUF CVĊFS
 ������ . QPUBTTJVN DIMPSJEF
BOE ����� . TPEJVN DIMPSJEF
� 3FTVMUT PG UIF TUVEZ BSF TVNNBSJ[FE JO 'JHVSF ����
ɨF EJBNFUFS PG UIF OBOPQBSUJDMFT JO CPUI PG UIF GPSNVMBUJPOT IBT JODSFBTFE BGUFS
BEEJOH UIF CVĊFS
 IPXFWFS UP B NVDI IJHIFS FYUFOU JO UIF 5.1�/1T TBNQMF� 4JNJMBS

��



USFOE XBT PCTFSWFE XJUI QPMZEJTQFSTJUZ�
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'JHVSF ��� $IBOHF JO IZESPEZOBNJD EJBNFUFS 	DJSDMFT
 BOE QPMZEJTQFSTJUZ 	USJBOHMFT
 PG 5.1�/1T
	CMVF
 BOE 44-�/1T 	SFE
 JO 1#4 CVGGFS XJUI UJNF�

ɨF EJĊFSFODF JO UIF TBNQMF CFIBWJPS VOEFS QIZTJPMPHJDBM DPOEJUJPOT NJHIU CF FY�
QMBJOFE CZ UIF ESBTUJD EFDSFBTF JO ζ�QPUFOUJBM BGUFS EJMVUJOH XJUI 1#4 CVĊFS� "T TIPXO
JO 5BCMF ���
 UIF OFHBUJWF DIBSHF PG UIF 44-�/1T IBT GBMMFO UP ���� XIJMF JO DBTF PG UIF
5.1�/1T JU JT BMNPTU OFVUSBM� 4JNJMBS DIBOHF XBT PCTFSWFE XJUI UIF IFNJDFMMVMPTF
FYUSBDUT�

5BCMF ��� ζ�QPUFOUJBM PG 5.1�/1T
 44-�/1T
 BT XFMM BT 5.1 BOE 44- FYUSBDUT JO 1#4 CVGGFS�

4BNQMF ζ�QPUFOUJBM ± 4% <N7>
5.1�/1T ���� ± ���
44-�/1T ���� ± ���
5.1 �� ± �
44- �� ± �

ɨF JOUFSOBM TUSVDUVSF PG UIF OBOPQBSUJDMFT JO 1#4 CVĊFS XBT FWBMVBUFE XJUI 4"94
TJODF UIF FMFWBUFE JPOJD TUSFOHUI NJHIU IBWF DBVTFE B DIBOHF JO UIF QIBTF PG UIF
DVCPTPNFT BT JU IBT CFFO QSFWJPVTMZ SFQPSUFE JO MJUFSBUVSF��ņ¤ù�ņ© ɨF TDBUUFSJOH QSP�
mMFT 	'JHVSF ���
 EFNPOTUSBUF UIBU UIF 44-�/1T GPSNVMBUJPO IBT SFUBJOFE UIF JOUFSOBM
TUSVDUVSF BT EFUFSNJOFE GSPN UIF QPTJUJPOT PG UIF #SBHH QFBLT� ɨF QFBLT BSF
 IPX�
FWFS
 BCTFOU JO UIF TDBUUFSJOH DVSWF PG UIF 5.1�/1T EJTQFSTJPO JOEJDBUJOH UIBU UIF
JOUFSOBM TUSVDUVSF IBT CFFO EJTSVQUFE� ɨJT TVHHFTUT UIBU TUBCJMJ[BUJPO PG UIF DVCJD
QIBTF OBOPQBSUJDMFT XBT NBJOMZ DBVTFE CZ UIF QSFTFODF PG UIF DIBSHFE HSPVQT�

��
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'JHVSF ��� 4"94 DVSWFT PG 5.1�/1T 	EBSL CMVF
 BOE 44-�/1T 	SFE
 JO 1#4 CVGGFS� /VNCFST
JOEJDBUF .JMMFS JOEJDFT� 5IF TDBUUFSJOH QSPmMF PG UIF 5.1�/1T XBT TIJGUFE VQXBSET CZ B GBDUPS PG
���� GPS DMBSJUZ�

*O BEEJUJPO
 TUBCJMJUZ PG UIF GPSNVMBUJPOT JO XBUFS XBT GPMMPXFE PWFS �� EBZT UJNF
QFSJPE� 'JHVSF ��� TIPXT B TVNNBSZ PG UIF SFTVMUT� #PUI PG UIF EJTQFSTJPOT BSF GBJSMZ
TUBCMF PWFS UIF XIPMF QFSJPE PG UJNF XJUI BO JOTJHOJmDBOU DIBOHF JO UIF BQQBSFOU
TJ[F BOE 1E*� ɨJT POMZ DPOmSNT UIBU UIF 5.1 BOE 44- FYUSBDUT BSF BCMF UP QSPWJEF
DPMMPJEBM TUBCJMJUZ UP NPOPPMFJO DVCPTPNFT BOE QSFWFOU nPDDVMBUJPO XJUI UJNF�
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'JHVSF ��� $IBOHF JO IZESPEZOBNJD EJBNFUFS 	DJSDMFT
 BOE QPMZEJTQFSTJUZ 	USJBOHMFT
 PG 5.1�/1T
	CMVF
 BOE 44-�/1T 	SFE
 XJUI UJNF�

��



��� ɧFSNP�SFTQPOTJWF HMZDPQPMZNFST CBTFE PO / �
JTPQSPQZMBDSZMBNJEF 	/*1"N
 BOE β�NBOOPTZM BDSZMBUFT

/*1"N QPMZNFST BSF XJEFMZ LOPXO GPS UIFJS UIFSNP�SFTQPOTJWF CFIBWJPS XJUI UIF
MPXFS DSJUJDBM TPMVUJPO UFNQFSBUVSF 	-$45
 BU ∼��◦$��ņņ "U UIJT UFNQFSBUVSF
 XBUFS
CFDPNFT B QPPS TPMWFOU MFBEJOH UP B DPMMBQTF PG UIF QPMZNFS CBDLCPOF� ɨF -$45 JT
TFOTJUJWF UP UIF NPMFDVMBS XFJHIU
 BT XFMM BT UIF OBUVSF BOE BNPVOU PG UIF TVCTUJUVUFE
HSPVQT� *OUSPEVDUJPO PG IZESPQIJMJD HSPVQT JO UIF QPMZ	/*1"N
 TUSVDUVSF IBT CFFO
TIPXO UP MFBE UP B TIJGU JO UIF -$45�ņņùņŇù�ņŇ
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'JHVSF ��� .BJO DPOTUJUVFOUT BOE UIF FYQFDUFE NPMFDVMBS TUSVDUVSF PG UIF HMZDPQPMZNFST�

)FSF
 UIF JOnVFODF PG β�NBOOPTZM BDSZMBUF TJEF HSPVQT 	.Q&."
 PO UIF UIFSNP�
SFTQPOTJWF CFIBWJPS PG UIF QPMZ	/*1"N
 QPMZNFST XBT FWBMVBUFE� .BJOMZ UIF JNQBDU
PG UXP GBDUPST XBT TUVEJFE� UIF BNPVOU PG NBOOPTF VOJUT JO UIF .Q&." HSPVQ
	� PS �
 BOE UIF EFHSFF PG TVCTUJUVUJPO� ɨF TUSVDUVSF BOE NPSQIPMPHZ PG UIF
QPMZNFST XJUI EJĊFSFOU BNPVOU PG FJUIFS .�&." PS .�&." XBT DPNQBSFE BU
EJĊFSFOU UFNQFSBUVSFT 	TFF 'JHVSF ���
� $PNQPTJUJPO BOE EFTJHOBUJPO PG UIF TBNQMFT
DIBSBDUFSJTFE JO UIJT TFDUJPO JT TIPXO JO 5BCMF ����

��



5BCMF ��� 1PMZNFS DPNQPTJUJPO BOE EFTJHOBUJPO PG UIF TZOUIFTJTFE HMZDPQPMZNFST�

1PMZNFS UZQF %FTJHOBUJPO .Q&." <NPM�NPM>

1PMZ	/*1".�DP�.�&."
 1�.� ����
1�.� ����

1PMZ	/*1".�DP�.�&."

1�.� ����
1�.� ����
1�.� ����

����� 4USVDUVSF BOE NPSQIPMPHZ

4USVDUVSF PG UIF QPMZNFST XBT TUVEJFE XJUI 4"94 BU ��◦$ BOE ��◦$� 'JHVSF ��� TIPXT
UIF TDBUUFSJOH DVSWFT PG 1PMZ	/*1".�DP�.�&."
 XJUI EJĊFSFOU .� TVCTUJUVUJPO EF�
HSFF BU UXP UFNQFSBUVSFT�

10-5

10-4

10-3

10-2

10-1

100

101

102

103

I(q
) [

a.
u.

]

4 5 6 7 8 9
0.01

2 3 4 5 6 7 8 9
0.1

2 3 4 5 6 7

q [Å-1]

P1M1 25°C
P2M1 25°C
P1M1 50°C
P2M1 50°C

'JHVSF ��� 4"94 DVSWFT PG 1�.� 	ZFMMPX SIPNCVT
 BOE 1�.� 	HSFFO DJSDMFT
 BU UIF JOJUJBM DPO�
DFOUSBUJPO BU ��◦$ 	mMMFE TZNCPMT
 BOE ��◦$ 	FNQUZ TZNCPMT
� 4PMJE MJOFT BSF mUT UP UIF DPSSFDUFE
#FBVDBHF NPEFM� 3FE BSSPXT JOEJDBUF B USBOTJUJPO SFHJPO�

ɨF TDBUUFSJOH CFIBWJPS PG UIF QPMZNFST BU ��◦$ FYIJCJUT B DIBOHF JO UIF QPXFS�MBX
EFDBZ UISPVHI UIF FYUFOEFE T�SBOHF UIBU SFTVMUT GSPN B TFMG�TJNJMBSJUZ JO UIF NPSQIP�

��



MPHZ PG UIF QPMZNFS��ņň ɨJT LJOE PG CFIBWJPS IBT BMSFBEZ CFFO PCTFSWFE XJUI ((.
TBNQMFT EFTDSJCFE JO $IBQUFS � XIFSF UIF #FBVDBHF NPEFM UIBU EFTDSJCFT GSBDUBM
PCKFDUT BT B DPMMFDUJPO PG TNBMM DPOOFDUFE DZMJOEFST XBT VTFE UP mU UIF TDBUUFSJOH
DVSWFT PG UIF QPMZTBDDIBSJEFT�ŊŊù�ņŉ ɨF TBNF NPEFM XBT VTFE UP mU UIF TDBUUFSJOH
QSPmMFT TIPXO JO UIJT TFDUJPO�
ɨF HMZDPQPMZNFST FYIJCJU B TJNJMBS TDBUUFSJOH CFIBWJPS BU ��◦$ UP UIBU BU ��◦$ CVU
XJUI IJHIFS G WBMVFT BU UIF USBOTJUJPO GSPN BO JOUFSNFEJBUF� UP B MPX�T SBOHF� ɨF
SBQJE JODSFBTF JO UIF JOUFOTJUZ 	∼ T−�
 JT LOPXO BT 1PSPE CFIBWJPS UIBU EFTDSJCFT
DPNQBDU PCKFDUT XJUI TIBSQ JOUFSGBDFT JOEJDBUJOH UIBU QPMZNFST BSF DPMMBQTFE� BT
FYQFDUFE GPS Q	/*1"N
 BCPWF UIF -$45��ņŊ 4JNJMBS DIBOHF JO UIF QPXFS�MBX
CFIBWJPS XJUI UFNQFSBUVSF IBT CFFO QSFWJPVTMZ SFQPSUFE GPS UIFSNP�SFTQPOTJWF
USJCMPDL DPQPMZNFST DPOUBJOJOH Q	/*1"N
 CMPDLT��ņŋù�ŇŅ

"MPOH XJUI UIF JODSFBTF JO UIF FYQPOFOU
 UIF USBOTJUJPO SFHJPO TIJGUT UP IJHIFS
T WBMVFT BU ��◦$ GPS CPUI QPMZNFST JOEJDBUJOH B SFEVDUJPO JO UIF TJ[F PG B TVCVOJU
PS JODSFBTF JO nFYJCJMJUZ PG UIF QPMZNFS DIBJO� 5BCMF ��� QSFTFOUT B TVNNBSZ PG
UIF SFTVMUT PCUBJOFE CZ mUUJOH .� TDBUUFSJOH DVSWFT UP UIF #FBVDBHF NPEFM� ɨF
SBEJVT PG HZSBUJPO BU ��◦$ JT �� ON BOE �� ON GPS 1�.� BOE 1�.�
 SFTQFDUJWFMZ�
%FTQJUF UIF GBDU UIBU 3J EFDSFBTFT XJUI UIF JODSFBTFE BNPVOU PG TVHBS TVCTUJUVUJPO

UIF QFSTJTUFODF MFOHUI TUBZT DPOTUBOU BU �� ON� ɨJT JT TVSQSJTJOH TJODF CVMLZ TVHBS
TJEF HSPVQT UFOE UP SFOEFS DIBJO MFTT nFYJCMF BT XF IBWF QSFWJPVTMZ PCTFSWFE XJUI
TPGUXPPE IFNJDFMMVMPTF BOE HBMBDUPTF TJEF HSPVQT��©Ņ )PXFWFS
 IZESPHFO CPOEJOH
PS IZESPQIPCJD JOUFSBDUJPOT CFUXFFO TVHBS TJEF HSPVQT NJHIU FOGPSDF B DMPTFS DPOUBDU
BNPOHTU UIF Q	/*1"N
 DIBJOT SFTVMUJOH JO B NPSF DPNQBDU NPSQIPMPHZ� "CPWF UIF
-$45
 CPUI UIF PWFSBMM TJ[F PG UIF QBSUJDMF BOE UIF TJ[F PG UIF TVCVOJU EFDSFBTF XIJDI
JOEJDBUFT B DPMMBQTF PG UIF XIPMF TUSVDUVSF�

5BCMF ��� 1BSBNFUFST PCUBJOFE GSPN UIF mUUJOH PG 1�.� BOE 1�.� 4"94 EBUB BU ��◦$ BOE
��◦$ UP UIF DPSSFDUFE #FBVDBHF NPEFM�

��◦$ ��◦$
.PEFM 1BSBNFUFST 1�.� 1�.� 1�.� 1�.�

'SBDUBM PCKFDU

5H <ON> �� �� �� ��
G ���� ���� ���� ����

5TVC <ON> �� �� � �
/Q <ON> �� �� �� �
GTVC ���� ���� ���� ����

'JHVSF ���� TIPXT TDBUUFSJOH DVSWFT PG .� XJUI EJĊFSFOU EJ�NBOOPTF TVCTUJUVUJPO EF�
HSFF BU ��◦$ BOE ��◦$� %J�NBOOPTF TVCTUJUVUFE HMZDPQPMZNFST IBWF B TJNJMBS TDBUUFS�

��



JOH CFIBWJPS UP UIF POF PCTFSWFE XJUI .�� ɨFSFGPSF
 FWFO IFSF UIF #FBVDBHF NPEFM
XBT BQQMJFE UP mU UIF EBUB XJUI UIF SFTVMUT BSF TVNNBSJTFE JO 5BCMF ����
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'JHVSF ���� 4"94 DVSWFT PG UIF 1�.� 	EBSL CMVF TRVBSF
 BOE 1�.� 	CMBDL DJSDMFT
 BU UIF JOJUJBM
DPODFOUSBUJPO BU ��◦$ 	mMMFE TZNCPMT
 BOE ��◦$ 	FNQUZ TZNCPMT
� 4PMJE MJOFT BSF mUT UP UIF
DPSSFDUFE #FBVDBHF NPEFM BOE QPMZNFS NJDFMMF NPEFM� 3FE BSSPXT JOEJDBUF B USBOTJUJPO SFHJPO�

#BTFE PO UIF SFTVMUT QSFTFOUFE JO 5BCMF ���
 UIF 5H BOE UIF QFSTJTUFODF MFOHUI PG UIF
HMZDPDPOKVHBUFT XJUI .� TJEF HSPVQT EFDSFBTFT BT UIF EFHSFF PG TVCTUJUVUJPO JODSFBTFT
BU ��◦$� ɨFTF PCTFSWBUJPOT BSF JO BHSFFNFOU XJUI UIF BTTVNQUJPO UIBU TVHBST
GBDJMJUBUF B DMPTFS DPOUBDU CFUXFFO UIF QPMZNFS DIBJOT EVF UP BUUSBDUJWF JOUFSBDUJPOT�
4JNJMBS UP .�&."
 CPUI 5H BOE 5TVC PG UIF EJ�NBOOPTF�TVCTUJUVFE QPMZNFS
EFDSFBTF TJHOJmDBOUMZ BCPWF -$45�

*O BEEJUJPO UP UIF #FBVDBHF NPEFM
 UIF TDBUUFSJOH DVSWFT PG .� BU ��◦$ IBWF
BMTP CFFO mUUFE XJUI B QPMZNFS NJDFMMF NPEFM��Ň� ɨJT UZQF PG NPEFM JT PGUFO VTFE GPS
CMPDL DPQPMZNFST UIBU BTTFNCMF JOUP TQIFSJDBM QBSUJDMFT XJUI B EFOTF DPSF DPOUBJOJOH
QPMZNFS IFBE HSPVQT BOE B DPSPOB XJUI (BVTTJBO QPMZNFS UBJMT��Ň¤ )FSF
 XF BTTVNF
UIBU UIF DPSF NBJOMZ DPOTJTUT PG QPMZ	/*1"N
 XJUI UIF 4-% PG �.� × ��−� ¯−� BOE
UIF DPSPOB JT NBEF PG .� HSPVQT XJUI UIF 4-% PG �.���× ��−� ¯−�� ɨF SFTVMUT PG
UIF mUT VTJOH UIF QPMZNFS NJDFMMF NPEFM BSF BMTP JODMVEFE JO 5BCMF ���� "DDPSEJOH UP
UIF mUT GSPN UIF QPMZNFS NJDFMMF NPEFM
 UIF PWFSBMM SBEJVT PG UIF QPMZNFS QBSUJDMFT

��



JT �� ON BOE �� ON GPS 1�.� BOE 1�.�
 SFTQFDUJWFMZ� 'VSUIFSNPSF
 CPUI UIF DPSF
BOE DPSPOB BSF TNBMMFS JO NJDFMMFT XJUI B IJHIFS BNPVOU PG EJ�NBOOPTF TVCTUJUVUJPO�

5BCMF ��� 1BSBNFUFST PCUBJOFE GSPN UIF mUUJOH PG 1�.� BOE 1�.� 4"94 EBUB BU ��◦$ BOE
��◦$ UP UIF DPSSFDUFE #FBVDBHF NPEFM�

��◦$ ��◦$
.PEFM 1BSBNFUFST 1�.� 1�.� 1�.� 1�.�

'SBDUBM PCKFDU

5H <ON> �� �� �� ��
G ���� ���� ���� ����

5TVC <ON> �� � � �
/Q <ON> �� � �� �
GTVC ���� ���� ���� ����

1PMZNFS NJDFMMF

5 DPSF <ON> �� ��
5H DPSPOB <ON> �� ��

1IFBE �� ��
9IFBE <ON�> �� �
9UBJM <ON�> ��� ���

ɨF NPSQIPMPHZ PG UIF HMZDPDPOKVHBUFT 1�.� BOE 1�.� BU ��◦$ BOE ��◦$ XBT
TUVEJFE XJUI DSZP�5&.� *O BEEJUJPO
 1�.� XBT JNBHFE BU UXP EJĊFSFOU DPODFO�
USBUJPOT� 'JHVSF ���� TIPXT DSZP�5&. NJDSPHSBQIT PG UIF 1�.� HMZDPDPOKVHBUF BU
��◦$ BOE ��◦$� ɨF TBNQMF XBT EJMVUFE �� UJNFT EVF UP IJHI WJTDPTJUZ�

	B
 ��◦$ 	C
 ��◦$

'JHVSF ���� $SZP�5&. JNBHFT PG 1�.� BU ��Y EJMVUJPO� 5IF TDBMF CBS JT ��� ON 	B
 BOE ���
ON 	C
� $JSDMFT IJHIMJHIU QFBSM TIBQFE BHHSFHBUFT BOE FMPOHBUFE QFBSM OFDLMBDF�MJLF BHHSFHBUFT�

��



"U ��◦$
 TNBMM PCKFDUT 	����� ON JO EJBNFUFS
 DBO CF TFFO
 XIFSF TPNF PG UIFN BSF
BTTFNCMFE JOUP FMPOHBUFE TUSVDUVSFT UIBU SFTFNCMF QFBSM OFDLMBDF UZQF DPOGPSNBUJPO
BCPVU �� ON MPOH� ɨFTF BHHSFHBUFT TFFN UP SFBSSBOHF BOE BTTFNCMF JOUP MBSHF
JSSFHVMBS EJTD�MJLF TUSVDUVSFT BCPWF UIF -$45
 BT DBO CF TFFO JO 'JHVSF ���� 	C
�

ɨF NJDSPHSBQIT PG UIF EJ�NBOOPTF TVCTUJUVUFE DPQPMZNFS BU UIF JOJUJBM BOE
EJMVUFE DPODFOUSBUJPO BU ��◦$ BSF TIPXO JO 'JHVSF ����� 1FBSM�MJLF BHHSFHBUFT UIBU
TPNFUJNFT BTTFNCMF JOUP FMPOHBUFE TUSVDUVSFT PCTFSWFE QSFWJPVTMZ XJUI .� BSF
QSFTFOU FWFO JO UIJT TBNQMF BU CPUI DPODFOUSBUJPOT� )PXFWFS
 B IJHIFS BNPVOU PG UIF
FMPOHBUFE QBSUJDMFT BOE FWFO GSBDUBM�MJLF TUSVDUVSFT BSF TFFO BU IJHIFS DPODFOUSBUJPO�

	B
 	C


'JHVSF ���� $SZP�5&. JNBHFT PG 1�.� BU ��◦$ BU UIF JOJUJBM DPODFOUSBUJPO 	B
 BOE ��Y EJMV�
UJPO 	C
� 5IF TDBMF CBS JT ��� ON� $JSDMFT IJHIMJHIU QFBSM TIBQFE BHHSFHBUFT
 FMPOHBUFE QFBSM
OFDLMBDF�MJLF BHHSFHBUFT BOE GSBDUBM�MJLF TUSVDUVSFT�

'JHVSF ���� TIPXT UIF DPSSFTQPOEJOH CFIBWJPS PG UIF .� HMZDPDPOKVHBUF BU ��◦$
BU UXP EJĊFSFOU DPODFOUSBUJPOT� )FSF
 UIF FĊFDU PG UIF DPODFOUSBUJPO JT NPSF QSP�
OPVODFE UIBO JU XBT BU ��◦$� 'PS UIF EJMVUF TBNQMF
 B MBSHF BNPVOU PG HMPCVMBS BH�
HSFHBUFT 	����� ON
 BSF QSFTFOU� *OUFSFTUJOHMZ
 FWFO GSBDUBM�MJLF TUSVDUVSFT PG TJN�
JMBS EJNFOTJPOT DBO CF GPVOE� "U UIF JOJUJBM DPODFOUSBUJPO
 IPXFWFS
 UIF QPMZNFS JT
NPTUMZ BTTFNCMFE JOUP GSBDUBM TUSVDUVSFT BOE UP B MPXFS FYUFOU JOUP HMPCVMBS BHHSFHBUFT�
ɨJT JOEJDBUFT UIBU BU IJHI DPODFOUSBUJPOT
 UIF QPMZNFS DIBJOT FYQFSJFODF DSPXEJOH
FĊFDUT BOE TFMG�BTTFNCMF SBOEPNMZ JOUP GSBDUBM BHHSFHBUFT� *O UIF EJMVUF SFHJNF
 UIF
TFMG�BTTFNCMZ JT NPSF DPOUSPMMFE BOE PSHBOJTFE�

��



	B
 	C


'JHVSF ���� $SZP�5&. JNBHFT PG 1�.� BU ��◦$ BU ��Y EJMVUJPO 	B
 BOE BU UIF JOJUJBM DPODFO�
USBUJPO 	C
� 5IF TDBMF CBS JT ��� ON 	B
 BOE ��� ON 	C
�

����� ɧFSNP�SFTQPOTJWF CFIBWJPS

ɨF UIFSNP�SFTQPOTJWF CFIBWJPS PG UIF QPMZNFST XBT GPMMPXFE XJUI %-4 BU UFNQFSBU�
VSFT GSPN ��◦$ UP ��◦$� 'JHVSF ���� TIPXT UIF DIBOHF JO IZESPEZOBNJD EJBNFUFS PG
EJ�NBOOPTF TVCTUJUVUFE HMZDPDPOKVHBUFT BOE UIF SFGFSFODF DPQPMZNFS QPMZ	/*1"N
�
)&."� "MM PG UIF HMZDPDPOKVHBUFT TIPX B TJNJMBS TJ[F USBOTJUJPO QBUUFSO XIFSF UIF TJ[F
JT SFMBUJWFMZ TUBCMF CFMPX UIF -$45� "CPWF UIF -$45
 UIF IZESPEZOBNJD EJBNFUFS JO�
DSFBTFT TIBSQMZ VOUJM JU SFBDIFT B NBYJNB GPMMPXFE CZ B TMPX EFDSFBTF JO TJ[F� ɨJT
DPOmSNT UIF GBDU UIBU
 XJUI JODSFBTJOH UFNQFSBUVSF
 XBUFS CFDPNFT B QPPS TPMWFOU GPS
UIF QPMZNFS MFBEJOH UP TUSPOH BUUSBDUJWF JOUFSBDUJPOT CFUXFFO UIF /*1"N DIBJOT� ɨF
DPMMBQTFE QPMZNFST UIFO BHHSFHBUF JOUP MBSHFS TUSVDUVSFT JO PSEFS UP QSFWFOU DPOUBDU
XJUI XBUFS� "T UIF UFNQFSBUVSF JT JODSFBTFE FWFO GVSUIFS
 UIF 'I TUBSUT UP EFDSFBTF
JOEJDBUJOH UIBU UIF Q/*1"N DIBJOT DPOUJOVF DPOUSBDUJOH� ɨJT JT DPOmSNFE CZ UIF
4"94 mUUJOH SFTVMUT UIBU TIPXFE JODSFBTFE nFYJCJMJUZ PG UIF QPMZNFST BU ��◦$� ɨF
TJ[F PG UIF DPQPMZNFST TUBCJMJ[FT BU BSPVOE ��◦$�
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'JHVSF ���� $IBOHF JO'I XJUI UFNQFSBUVSF GPS .� HMZDPDPOKVHBUFT BOE UIF SFGFSFODF DPQPMZ�
NFS QPMZ	/*1"N
�)&."� )FBUJOH BOE DPPMJOH QSPDFTT JT SFQSFTFOUFE CZ UIF DVSWFT XJUI mMMFE BOE
FNQUZ TZNCPMT
 SFTQFDUJWFMZ�

"NPOH UIF .��TVCTUJUVUFE QPMZNFST
 1�.� DPOUSBDUFE UIF NPTU BGUFS UIF NBYJNB
QPTTJCMZ EVF UP UIF MPXFS TVCTUJUVUJPO EFHSFF� *O GBDU
 1�.� IBT UIF MPXFTU -$45 CVU
TUJMM TMJHIUMZ IJHIFS UIBO UIBU PG Q	/*1"N
�)&." DPOmSNJOH UIF TUBCJMJ[JOH FĊFDU
PG UIF IZESPQIJMJD TVHBST� "T UIF EFHSFF PG TVCTUJUVUJPO PG UIF .� HMZDPDPOKVHBUFT
JODSFBTFT
 TP EPFT UIF -$45� ɨJT JODSFBTF JO USBOTJUJPO UFNQFSBUVSFT IBT CFFO
QSFWJPVTMZ SFQPSUFE GPS Q	/*1"N
�CBTFE DPQPMZNFST XJUI IJHI NBOOPTF DPOUFOU�ņ©

'JHVSF ���� TIPXT UIF DIBOHF JO 'I PG .� HMZDPDPOKVHBUFT XJUI UFNQFSBUVSF�
)FSF
 B TJNJMBS USBOTJUJPO QBUUFSO UP .� XBT PCTFSWFE XJUI UIF FYDFQUJPO PG 1�.�
BGUFS ��◦$� *O UIJT SFHJPO
 UIF TJ[F PG UIF 1�.� JODSFBTFT TIBSQMZ BHBJO
 UIF QPMZNFS
BHHSFHBUFT CFDPNF VOTUBCMF BOE GBMMT PVU PG UIF TPMVUJPO� #FDBVTF UIF EFHSFF PG
TVCTUJUVUJPO PG 1�.� JT MFTT UIBO IBMG UIF EFHSFF PG 1�.�
 UIFSF NBZ OPU CF TVċDJFOU
.�&." UP DSFBUF B QSPUFDUJWF IZESPQIJMJD DPSPOB OFDFTTBSZ UP TUBCJMJ[F UIF QBSUJDMF�
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'JHVSF ���� $IBOHF JO 'I .� HMZDPDPOKVHBUFT BOE UIF SFGFSFODF NBUFSJBM QPMZ	/*1"N
�)&."
XJUI UFNQFSBUVSF� )FBUJOH BOE DPPMJOH JT SFQSFTFOUFE CZ mMMFE BOE FNQUZ TZNCPMT
 SFTQFDUJWFMZ�

��� 4VSGBDF BDUJWF QSPQFSUJFT PG BMLZM NBOOPPMJHPTJEFT

β�NBOOBOBTFT XFSF VUJMJ[FE UP mSTU QSPEVDF PMJHPNBOOBOT GSPN -PDVTU CFBO HVN
BOE UIFO DBUBMZ[F USBOTHMZDPTZMBUJPO XJUI NBOOPUFUSBPTF 	.�
 BT B EPOPS BOE
��IFYBOPM BT B HMZDPTZM BDDFQUPS� " NPSF EFUBJMFE EFTDSJQUJPO PG UIF TZOUIFTJT DBO
CF GPVOE JO 1BQFS ħ� ɨF QVSJmFE NJYUVSF DPOUBJOFE ��� NH PG IFYZM�NBOOPCJPTF
	IFYZM�.�
 BOE ��� NH PG IFYZM�NBOOPUSJPTF 	IFYZM�.�
�

4VSGBDF UFOTJPO BU EJĊFSFOU DPODFOUSBUJPOT PG UIF TVSGBDUBOU NJYUVSF XBT EF�
UFSNJOFE VTJOH QFOEBOU ESPQ UFDIOJRVF� %VF UP B MJNJUFE BNPVOU PG UIF TBNQMF
 UIF
TBNF TPMVUJPO XBT SFVTFE GPS BMM PG UIF NFBTVSFNFOUT� 4VSGBDF UFOTJPO XBT SFDPSEFE
GPS UIF TBNQMF XJUI UIF IJHIFTU DPODFOUSBUJPO XIJDI XBT UIFO EJMVUFE UP PCUBJO B
GPMMPXJOH DPODFOUSBUJPOT� 4BNQMF XBT GSFF[F�ESJFE JO CFUXFFO JG JU XBT OFDFTTBSZ�

*O PSEFS UP FTUJNBUF DSJUJDBM NJDFMMF DPODFOUSBUJPO 	$.$

 B QMPU XJUI B TVS�
GBDF UFOTJPO BT B GVODUJPO PG UIF TVSGBDUBOU DPODFOUSBUJPO XBT DPOTUSVDUFE� "T JU DBO
CF TFFO GSPN 'JHVSF ����
 UIFSF BSF UXP JOnFDUJPO QPJOUT JO UIF DVSWF
 BU �� H -−�

BOE �� H -−�
 TVHHFTUJOH UIBU UXP EJĊFSFOU UZQFT PG NJDFMMFT BSF GPSNFE JO UIF
TPMVUJPO� ɨJT QIFOPNFOPO IBT CFFO QSFWJPVTMZ PCTFSWFE XJUI NJYUVSFT DPOUBJOJOH
BMLZM QPMZHMVDPTJEFT XJUI EJĊFSFOU DIBJO MFOHUIT��Ň© ɨF NJOJNVN BSPVOE UIF mSTU
CSFBL QPJOU JT DBVTFE CZ UIF TPMVCJMJ[BUJPO PG UIF MFTT IZESPQIPCJD TVSGBDUBOU JO UIF

��



NJDFMMFT XIFO UIFZ CFHJO UP GPSN MFBEJOH UP UIF EFDSFBTF JO CVML DPODFOUSBUJPO BOE
UIVT
 EFDSFBTF JO UIF TVSGBDF UFOTJPO PG UIF TPMVUJPO��Ňņ
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'JHVSF ���� 4VSGBDF UFOTJPO QMPU PG UIF QVSJmFE IFYZM NBOOPPMJHPTJEF NJYUVSF� %BTI MJOFT
SFQSFTFOU CSFBL QPJOUT�

��





� &QJMPHVF

*O UIJT UIFTJT
 UIF TUSVDUVSF BOE CFIBWJPVS PG IFNJDFMMVMPTF JO TPMVUJPO BOE BU
JOUFSGBDFT XBT JOWFTUJHBUFE XJUI UIF GPDVT PO TPGUXPPE IFNJDFMMVMPTF� ɨF QPUFOUJBM
PG IFNJDFMMVMPTF BT B SBX NBUFSJBM GPS UIF QSFQBSBUJPO PG TFWFSBM DPNQMFY NBUFSJBMT
XJUI BO BEEFE WBMVF XBT FYQMPSFE�

*O UIF mSTU QBSU
 UIF QSPQFSUJFT PG IFNJDFMMVMPTF JO TPMVUJPO BOE UIFJS JOnVFODF
PO UIF CJOEJOH FċDJFODZ PG IFNJDFMMVMPTF UP DFMMVMPTF TVSGBDFT XBT FWBMVBUFE� "
TQFDJBM BUUFOUJPO XBT EFWPUFE UP UIF OBUVSF PG UIF JOUFSBDUJPO CFUXFFO IFNJDFMMV�
MPTF BOE DFMMVMPTF NPEFM TVSGBDFT� "T JU IBT CFFO NFOUJPOFE CFGPSF
 CPUI PG UIF
QPMZTBDDIBSJEFT PDDVS JO QMBOU DFMM XBMMT GPSNJOH B TUSPOH BOE GVODUJPOBM OFUXPSL�
ɨF NFDIBOJTN CFIJOE UIF GPSNBUJPO
 BMUIPVHI TUVEJFE UIPSPVHIMZ
 JT OPU ZFU GVMMZ
VOEFSTUPPE�

ɨF CJOEJOH PG IFNJDFMMVMPTF UP DFMMVMPTF TVSGBDFT JT CFMJFWFE UP QBSUMZ IBQQFO
WJB IZESPHFO CPOEJOH BOE UISPVHI BO FOUSPQZ�ESJWFO QSPDFTT� $FMMVMPTF mCSJMT
GPSN B QPSPVT OFUXPSL PO B TVSGBDF XIJDI FOUSBQT B TJHOJmDBOU BNPVOU PG XBUFS
NPMFDVMFT JO TPMVUJPO� %VF UP NPSF GBWPVSBCMF IFNJDFMMVMPTF�DFMMVMPTF JOUFSBDUJPOT
UIBO XBUFS�DFMMVMPTF
 IFNJDFMMVMPTF NPMFDVMFT BETPSC UP UIF DFMMVMPTF TVSGBDF
 UIFSFCZ
SFMFBTJOH XBUFS NPMFDVMFT� *O BEEJUJPO
 TVHBST 	FTQFDJBMMZ
 DFMMVMPTF
 BSF LOPXO
UP IBWF B DFSUBJO EFHSFF PG IZESPQIPCJDJUZ� ɨF BETPSQUJPO TUVEJFT PG EJĊFSFOU
LJOET PG IFNJDFMMVMPTF UP IZESPQIPCJD TVSGBDFT IBWF DPOmSNFE UIBU IFNJDFMMVMPTF
QPMZTBDDIBSJEFT QPTTFT B IZESPQIPCJD DIBSBDUFS� ɨF QSFTFODF PG UIF BDFUZM TJEF
HSPVQT SFTVMUT JO BO FMFWBUFE IZESPQIPCJD QSPQFSUJFT PG ((.T BT DPNQBSFE UP (.T
BOE UIVT B IJHIFS BETPSCFE BNPVOU PO UIF IZESPQIPCJ[FE TJMJDB TVSGBDF� /FVUSPO
SFnFDUPNFUSZ NFBTVSFNFOUT SFWFBMFE UIBU IFNJDFMMVMPTF DIBJOT PSJFOU UIFNTFMWFT
XJUI UIF BDFUZM HSPVQT UPXBSET UIF IZESPQIPCJD TVSGBDF�

)FNJDFMMVMPTFT BSF CSBODIFE QPMZNFST UIBU UFOE UP BHHSFHBUF JO TPMVUJPO� ɨF
IJHI HBMBDUPTF TVCTUJUVUJPO EFHSFF SFEVDFT UIF nFYJCJMJUZ PG UIF QPMZNFS DIBJOT

��



MFBEJOH UP B GPSNBUJPO PG CVMLZ BOE IJHIMZ TPMWBUFE MBZFST PO B TVSGBDF�

ɨF BETPSQUJPO PG IFNJDFMMVMPTF TBNQMFT JT IJHIFS PO UIF DFMMVMPTF TVSGBDF
DPNQBSFE UP UIF IZESPQIPCJD TJMJDB JOEJDBUJOH UIBU TQFDJmD JOUFSBDUJPOT BSF JOWPMWFE
GBDJMJUBUFE CZ UIF TJNJMBSJUZ JO UIF CBDLCPOF TUSVDUVSF PG UIF UXP QPMZTBDDIBSJEFT� ɨF
SFTVMUT TIPXFE UIBU UIF BETPSQUJPO PG IFNJDFMMVMPTF TBNQMFT UP DFMMVMPTF TVSGBDFT JT
DPODFOUSBUJPO EFQFOEBOU� *O UIF MPX DPODFOUSBUJPO SFHJNF
 IFNJDFMMVMPTF NPMFDVMFT
XJUI B IJHIFS NPMFDVMBS XFJHIU BETPSC UP B IJHIFS FYUFOU TJODF UIF BETPSQUJPO PG
TNBMMFS NPMFDVMFT JT MFTT GBWPVSBCMF EVF UP UIF MPTT JO UIF USBOTMBUJPOBM FOUSPQZ PG
UIFTF TQFDJFT� ɨF PQQPTJUF IBQQFOT JO UIF IJHI DPODFOUSBUJPO SFHJNF
 XIFSF UIF
EFDSFBTF JO UIF DPOGPSNBUJPOBM FOUSPQZ QSFWFOUT MBSHFS IFNJDFMMVMPTFT GSPN BETPSCJOH
UP UIF TVSGBDF� *O BEEJUJPO
 TNBMMFS BOE NPSF nFYJCMF NPMFDVMFT BSF BCMF UP EJĊVTF
JOTJEF UIF DFMMVMPTF MBZFS NVDI FBTJFS MFBEJOH UP B IJHIFS BETPSCFE BNPVOU�

*O UIF TFDPOE QBSU PG UIF UIFTJT
 UIF QSPQFSUJFT PG IFNJDFMMVMPTF�CBTFE --$
OBOPQBSUJDMFT
 UIFSNP�SFTQPOTJWF HMZDPQPMZNFST BOE BMLZM HMZDPTJEFT XFSF FWBMVBUFE�

.POPPMFJO DVCJD QIBTF OBOPQBSUJDMFT XFSF TVDDFTTGVMMZ TUBCJMJ[FE XJUI TPGUXPPE
IFNJDFMMVMPTF 	5.1 BOE 44-
 SFTVMUJOH JO UIF NPOPEJTQFSTFE GPSNVMBUJPOT XJUI
1O�N QIBTF DVCPTPNFT� ɨF IJHIFTU BNPVOU PG UIF EJTQFSTFE QIBTF XBT PCUBJOFE
VTJOH IFNJDFMMVMPTF FYUSBDU DPOUBJOJOH B IJHIFS DPOUFOU PG MJHOJO 	44-
 JOEJDBUJOH
UIBU UIF QSFTFODF PG MJHOJO GBDJMJUBUFT UIF TUBCJMJ[JOH FĊFDU EVF UP JUT IZESPQIPCJD
QSPQFSUJFT� ɨF IFNJDFMMVMPTF�TUBCJMJ[FE EJTQFSTJPOT XFSF FMFDUSPTUBUJDBMMZ TUBCMF JO
NJMMJ�2 XBUFS
 IPXFWFS
 UIF OFHBUJWF DIBSHF IBT ESPQQFE TJHOJmDBOUMZ JO QIZTJPMPHJDBM
DPOEJUJPOT MFBEJOH UP UIF MPTT PG UIF JOUFSOBM TUSVDUVSF JO UIF 5.1�TUBCJMJ[FE QBSUJDMFT�
ɨF 1O�N QIBTF TUSVDUVSF XBT SFUBJOFE JO UIF 44-�TUBCJMJ[FE GPSNVMBUJPO EFTQJUF
UIF JODSFBTF JO UIF TJ[F PG QBSUJDMFT XIJDI EFNPOTUSBUFT B CFUUFS BQQMJDBCJMJUZ PG UIJT
QSFQBSBUJPO BT B ESVH EFMJWFSZ TZTUFN� #PUI EJTQFSTJPOT XFSF TUBCMF PWFS UIF QFSJPE
PG �� EBZT JO UFSNT PG IZESPEZOBNJD TJ[F BOE QPMZEJTQFSTJUZ�

ɨF JOUSPEVDUJPO PG β�NBOOPTZM BDSZMBUF TJEF HSPVQT JO UIF TUSVDUVSF PG UIFSNP�
SFTQPOTJWF Q	/*1"N
 DPQPMZNFST DBVTFE UIF TIJGU JO UIF USBOTJUJPO UFNQFSBUVSF UP
IJHIFS WBMVFT� )ZESPQIJMJD TJEF HSPVQT BSF CFMJFWFE UP DSFBUF B QSPUFDUJWF TIFMM XIJDI
QSPWJEFT UIF TUBCJMJ[JOH FĊFDU GPS UIF IZESPQIPCJD CBDLCPOF� ɨJT XBT DPOmSNFE CZ
UIF QSFTFODF PG TUBCMF QBSUJDMFT BCPWF UIF -$45 XJUI OP QSFDJQJUBUJPO VQ UP ��◦$
	FYDFQU GPS 1�.� TBNQMFT
�

.BOOBO CSBODIFT FOGPSDF B DMPTFS DPOUBDU CFUXFFO UIF HMZDPQPMZNFS DIBJOT
EVF BUUSBDUJWF JOUFSBDUJPOT BNPOH TVHBST SFOEFSJOH UIF DIBJO NPSF nFYJCMF BOE
UIF QBSUJDMF NPSF DPNQBDU� (MZDPQPMZNFST BHHSFHBUF JOUP TNBMM HMPCVMBS PCKFDUT

��



	����� ON
 BOE TPNF FWFO BTTFNCMF JOUP FMPOHBUFE QFBSM OFDLMBDF UZQF TUSVDUVSFT
BU SPPN UFNQFSBUVSF� "CPWF UIF -$45
 UIF QBSUJDMFT SBQJEMZ DPOUSBDU BOE BHHSFHBUF
TJNJMBSMZ UP VOTVCTUJUVUFE Q	/*1"N
 EVF UP UIF VOGBWPVSBCMF JOUFSBDUJPOT XJUI XBUFS
BU IJHIFS UFNQFSBUVSFT� *OUFSFTUJOHMZ
 UIF TJ[F PG UIF DPQPMZNFS QBSUJDMFT SFBDIFT
B DFSUBJO NBYJNVN GPMMPXFE CZ B HSBEVBM EFDSFBTF TVHHFTUJOH UIBU UIF QPMZNFST
DPOUJOVF UP DPMMBQTF BT UIF UFNQFSBUVSF JODSFBTFT VOUJM UIF FRVJMJCSJVN JT SFBDIFE BU
BSPVOE ��◦$�

ɨF TFMG�BTTFNCMZ PG UIF HMZDPQPMZNFST BCPWF UIF -$45 JT UIF DPODFOUSBUJPO
EFQFOEBOU QSPDFTT� *O UIF MPX DPODFOUSBUJPO SFHJNF
 DPQPMZNFST NBJOMZ BTTFNCMF
JOUP HMPCVMBS EJTD�TIBQFE BHHSFHBUFT� "U IJHI DPODFOUSBUJPO
 EVF UP UIF DSPXEJOH
FĊFDU
 UIF BHHSFHBUJPO JT NPSF SBOEPN BOE TIBSQ XIFSF QPMZNFST BTTFNCMF JOUP
GSBDUBM�MJLF TUSVDUVSFT�

'JOBMMZ
 UIF UIJSE UZQF PG IFNJDFMMVMPTF�CBTFE DPOKVHBUFT TUVEJFE JO UIJT UIFTJT
XBT IFYZM NBOOPPMJHPTJEFT� 4VSGBDF UFOTJPO NFBTVSFNFOUT PG UIF NJYUVSF DPOUBJOJOH
IFYZM�NBOOPCJPTF BOE IFYZM�NBOOPUSJPTF EFNPOTUSBUFE UIBU HMZDPTJEFT QPTTFTFE
TVSGBDF BDUJWF QSPQFSUJFT BOE BTTFNCMFE JOUP UXP TFQBSBUF UZQFT PG NJDFMMFT BT
JOEJDBUFE CZ UIF UXP JOnFDUJPO QPJOUT JO UIF TVSGBDF UFOTJPO DVSWF�

)FNJDFMMVMPTF JT B HSFBU NBUFSJBM UIBU DBO CF VUJMJ[FE BT WFSTBUJMF CVJMEJOH CMPDLT
UBJMPSFE BDDPSEJOH UP UIF QPUFOUJBM BQQMJDBUJPOT� ɨF SFTVMUT TVNNBSJ[FE JO UIJT
UIFTJT EFNPOTUSBUF UIBU IFNJDFMMVMPTF DBO CF VTFE JO UIF QSFQBSBUJPO PG ESVH
EFMJWFSZ TZTUFNT� )PXFWFS
 UIFSF BSF TUJMM GFX GBDUPST UIBU TIPVME CF DPOTJEFSFE� *O
PSEFS UP VTF IFNJDFMMVMPTF�CBTFE OBOPQBSUJDMFT GPS ESVH EFMJWFSZ
 UIF BCJMJUZ PG UIF
QBSUJDMFT UP FODBQTVMBUF BOE SFMFBTF ESVHT TIPVME CF UFTUFE XJUI CPUI IZESPQIJMJD
BOE IZESPQIPCJD ESVHT� *G UIF FODBQTVMBUJPO JT TVDDFTTGVM
 JU XPVME CF JNQPSUBOU UP
FWBMVBUF UIF DZUPUPYJDJUZ PG UIF GPSNVMBUJPOT� " TQFDJmD CJOEJOH PG UIF TVHBST QSFTFOU
JO UIF TUSVDUVSF PG UIF OBOPQBSUJDMFT BOE HMZDPQPMZNFST JT BO JOUFSFTUJOH BTQFDU UIBU
TIPVME CF FWBMVBUFE�

*O BEEJUJPO
 UIF RVFTUJPO BCPVU JOUSJHVJOH JOUFSBDUJPOT CFUXFFO IFNJDFMMVMPTF
BOE DFMMVMPTF IBT NBOZ EJSFDUJPOT UP GPMMPX� ɨF IFNJDFMMVMPTF TBNQMFT XJUI EJĊFSFOU
NPMFDVMBS XFJHIUT BOE TVCTUJUVUJPO EFHSFF XFSF TUVEJFE JO UIJT UIFTJT� )PXFWFS

UIF WBSJFUZ JO UIF TUSVDUVSBM QSPQFSUJFT PG UIFTF TBNQMFT UP NBEF JU DIBMMFOHJOH UP
EFUFSNJOF XIJDI GBDUPS BĊFDUFE UIF BETPSQUJPO UIF NPTU� *U XPVME CF JOUFSFTUJOH
UP FWBMVBUF BETPSQUJPO PG UIF TBNF LJOE PG IFNJDFMMVMPTF CVU NPEJmFE UP FJUIFS
HSBEVBMMZ EFDSFBTF UIF OVNCFS PG TJEF HSPVQT PS NPMFDVMBS XFJHIU� ɨF UIJDLOFTT
PG UIF DFMMVMPTF MBZFS JT BO JNQPSUBOU GBDUPS UIBU DPVME CF TUVEJFE NPSF
 FTQFDJBMMZ
XJUI OFVUSPO SFnFDUPNFUSZ UP USBDL IPX IFNJDFMMVMPTF JT EJTUSJCVUFE JOTJEF UIF MBZFS�

��



#PUI UIF PSEJOBSZ BOE EFVUFSBUFE DFMMVMPTF XFSF VTFE JO UIJT UIFTJT UP QSFQBSF mMNT
JO TFQBSBUF TUVEJFT
 IPXFWFS UIF FĊFDU PG UIF EFVUFSBUJPO EFHSFF PO UIF BETPSQUJPO PG
IFNJDFMMVMPTF IBT OPU CFFO GPMMPXFE FYQMJDJUMZ�

��
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On the interaction of softwood hemicellulose
with cellulose surfaces in relation to molecular
structure and physicochemical properties
of hemicellulose†

Polina Naidjonoka, *a Monica Arcos Hernandez,b Gunnar K. Pálsson,cd

Frank Heinrich,ef Henrik Stålbrand *g and Tommy Nylander *ahi

The substantial part of the water-soluble hemicellulose fraction, obtained when processing cellulose to

produce paper and other products, has so far been discarded. The aim of this work is to reveal the

interfacial properties of softwood hemicellulose (galactoglucomannan, GGM) in relation to their

molecular and solution structure. In this study the sugar composition of GGM was characterised by

chemical analysis as well as 1D and 2D NMR spectroscopy. Previously it has been demonstrated that

hemicellulose has high affinity towards cellulose and has the ability to alter the properties of cellulose

based products. This study is focused on the interactions between hemicellulose and the cellulose

surface. Therefore, adsorption to hydrophobized silica and cellulose surfaces of two softwood

hemicellulose samples and structurally similar seed hemicelluloses (galactomannans, GMs) was studied

with ellipsometry, QCM-D and neutron reflectometry. Aqueous solutions of all samples were

characterized with light scattering to determine how the degree of side-group substitution and

molecular weight affect the conformation and aggregation of these polymers in the bulk. In addition,

hemicellulose samples were studied with SAXS to investigate backbone flexibility. Light scattering results

indicated that GM polymers form globular particles while GGMs were found to form rod-like aggregates

in the solution. The polysaccharides exhibit higher adsorption to cellulose than on hydrophobic surfaces.

A clear correlation between the increase in molecular weight of polysaccharides and increasing

adsorbed amount on cellulose was observed, while the adsorbed amount on the hydrophobic surface

was fairly independent of the molecular weight. The obtained layer thickness was compared with bulk

scattering data and the results indicated flat conformation of the polysaccharides on the surface.

Introduction
The interactions between hemicellulose and another major
wood polysaccharide, cellulose, are of key importance for the
organization and structure of the plant cell walls as well as for a
range of applications. The major components of softwood

hemicellulose are galactoglucomannans (GGM). Their content
varies both in different parts of the tree, as well as between
plant species with GGM, reaching up to 20% w/w of dry
wood.1–4 Today a significant part of the softwood GGM is
discarded together with the waste stream during processes like
thermo-mechanical pulp production.5 However, it is now
possible to recover this highly valuable polymer from such
waste streams.6–8 While other mannan-based polysaccharides
like Locust bean gum (LBG) and Guar gum (GG) are used in the
industry, mostly in food related applications,9–12 GGMs from
softwood are not yet fully exploited in spite of the large amount
produced during pulp processing. However, numerous potential
applications have been suggested and tested for GGMs in thera-
peutic reagents,13 as a raw material for biodegradable films14–16

and novel anticoagulants.17 Therefore, this study focuses on the
interfacial interactions between cellulose and softwood hemi-
cellulose and how it relates to the aggregation and molecular archi-
tecture in comparison to other mannan-based polysaccharides.
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Hemicellulose has a large number of side groups and their
role for interaction with cellulose and to what extent they
prevent the polysaccharide to assemble into larger aggregates
is not clear. GGMs consist of a b-(1-4)-D-mannopyranose
backbone that is partially interrupted by b-(1-4)-D-gluco-
pyranose units.1,18,19 The backbone carries side-groups of
a-(1-6)-D-galactopyranose and acetyl side groups.18 The degree
of side-group substitution may vary between sources and
preparations. Galactoglucomannans are mainly present in the
secondary cell walls of conifer plants, however, small amounts
are also found in dicot cell walls.3 Locust bean gum is produced
in the seed endosperm of the carob tree Ceratonia silique L. and
Guar gum in the seed of Cyamopsis tetragonoloba. Both LBG
and GG contain only b-(1-4)-mannopyranose in the backbone
and galactopyranose side-groups attached via a-(1-6) linkages.

In wood, cellulose forms microfibrils that are well organized
with chains of hemicellulose located either on the surface of
or in between the fibrils.20 The nature of the binding of
hemicellulose is still under debate, however, it is believed that
the polysaccharides interact with each other via hydrogen
bonding.21,22 Benselfelt et al.23 showed that the adsorption of
xyloglucan, the main hemicellulose in primary plant cell walls,
onto cellulose surfaces is an entropy-driven process. An increase
in entropy is caused by the release of water molecules from the
cellulose layer as hemicellulose is adsorbed.

Several approaches have been used to reveal the nature
of the interaction between cellulose and hemicellulose.
Hayashi et al.20,24 studied the influence of the polymerization
degree on the adsorption of xyloglucan on dispersed cellulose.
They demonstrated that xyloglucans adsorb to the microfibrils
of cellulose as a monolayer with highly branched parts extending
into solution. The adsorption per weight unit was found to be
larger on microcrystalline cellulose compared to amorphous
cellulose. Similar results were obtained by Vincken et al.22 where
xyloglucan was found to bind more efficiently to microcrystalline
cellulose Avicel than to cellulose from cotton linters. Avicel has a
10 times smaller exposed surface-to-weight ratio than bacterial
cellulose, but the per-area-adsorption of the polymeric xyloglucans
is similar.25 Uhlin et al.26 used Acetobacter xylinum as a model
system to produce cellulose in the presence of carboxymethyl
cellulose (CMC), xylan, xyloglucan and ivory nut mannan.
These polysaccharides were shown to affect cellulose structure
in different ways. Xyloglucans and xylans showed the largest
effect on the aggregation of cellulose due to a similarity in the
backbone unit conformation with cellulose. Cellulose produced
in the presence of mannans and CMC was found to have a very
similar aggregation pattern but with a lower degree of cellulose
crystallinity in comparison to a control grown without the
polysaccharides. The charge of hemicellulose was found to be
more crucial than the molecular weight for the adsorption to
nanofibrillated cellulose (NFC). The adsorbed amount of Guar
gum before and after hydrolysis showed comparable results in
similar conditions. The adsorption of the anionic CMC showed
strong dependence on the pH of the buffer, with irreversible
adsorption at low pH but not at pH 8 where the carboxylic
groups of both CMC and cellulose are deprotonated.27,28

The sorption of glucomannans to cellulose is affected by the
presence of side groups that prevent a close contact of the
polysaccharide with the cellulose fibre surface. In addition, by
removing the side groups, solubility of the chains of the
polysaccharides chain decreases29–31 and promotes binding to
a surface. Deacetylation generates new hydroxyl groups that can
take part in hydrogen bonding5,32 and at least 15 unsubstituted
xylosyl units are required for adsorption.25

It is clear that the increasing use of hemicelluloses requires
knowledge on how their molecular structure affect bulk solution
behaviour and the adsorption to different types of surfaces. Here
we compared the results of two types of GGMs, with different
molecular weight and degree of side-group substitution, with
those from seed hemicelluloses (LBG and GG). The LBG and
GG samples are commonly used in industrial applications.
Solution behaviour of the polysaccharides was characterized with
light and small angle X-ray scattering, which gave information on
the size, shape and stiffness, as well as the aggregation state of the
polysaccharides. The knowledge gained from the polysaccharide
molecular structure, conformation and aggregation was related to
the results from adsorption studies on two relevant surfaces for
applications, i.e. hydrophobic and spin-coated cellulose films. The
combination of in situ ellipsometry, quartz crystal microbalance
with dissipation (QCM-D) and neutron reflectometry (NR) allowed
us not only to quantify the adsorption in terms of surface excess
and adsorption kinetics, but by comparing the adsorption onto
a cellulose surface with that on a hydrophobic surface we were
able to gain insight into the nature of the surface interactions of
hemicellulose.

Experimental
Materials

Galactomannans. Galactomannan polysaccharides Guar gum
and Locust bean gum were obtained from Megazyme Interna-
tional (Bray, Ireland).

Preparation of GGM. Two types of GGM-enriched prepara-
tions originating from spruce were used in the study. The first
one (TMP-GGM) was obtained from the process water from
termomechanical pulp processing and GGM was purified using
ultrafiltration and four rounds of diafiltration as described in
detail by Andersson et al.6 To prepare SP-GGM, steam extrac-
tion of GGM from spruce chips in 0.025% NaOH was performed
at 190 1C for 5 minutes according to Lundqvist et al.2 The liquid
phase was then filtered and GGM purified by size-exclusion
chromatography (SEC) with recovery of the ‘‘F1-fraction’’ as
described by Palm and Zacchi.33 The GGM preparations were
freeze-dried and stored under dry conditions at room temperature.

Chemical analysis of GGM samples. The GGM preparations
were analysed for sugar monomer composition, acetyl content
and weight-average molecular weight (Mw) as described by
Lundqvist et al.2 The sugar monomer composition was determined
after hydrolysis in an autoclave at 120 1C in 0.25 M sulphuric
acid. Monomer sugar analysis (mannose, galactose, glucose,
xylose, arabinose) was performed using high-performance liquid
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chromatography with pulsed amperometric detection (HPAEC-
PAD), using a Carbo Pac Pa10 guard and analytical column
(Dionex/Thermofischer Scientific). The acetyl content was ana-
lysed after treatment in 1% NaOH for 12 h at room temperature
and quantification of acetic acid by high-performance liquid
chromatography (HPLC) using an Aminex HPX-87H (BIO-RAD)
column and refractive-index (RI) detection. Mw was estimated
using SEC (RI-detection) with water as eluent and using GGM
mass-standards analysed by matrix-assisted laser ionization/
desorption time-of-light (MALDI-TOF).2 The lignin content was
estimated by measuring the absorbance at 280 nm of water-
dissolved samples and using an extinction coefficient of
17.8 L g!1 cm!1 (for milled wood lignin) previously suggested
applicable for water soluble spruce lignin from mechanical
pulp processing.34

1D and 2D NMR spectroscopy. Dried samples were dissolved
in 0.6 mL of 99.9% deuterium oxide (Sigma Aldrich Co., MO,
USA) to a concentration of 10 mg mL!1. 1H and 13C spectra as
well as heteronuclear single quantum coherence (HSQC) NMR
spectra were recorded at 25 1C, 12 or 70 1C on a Bruker Avance
III spectrometer (Bruker, Billerica, MA, USA) at 500.17 MHz for
1H and at 125.77 MHz for 13C. Chemical shifts were referenced
to the C-1 signal of glucopyranose (103.548 ppm) and the H-2
signal of the 2-O-acetylated mannopyranose (5.423 ppm).19,35

The chosen temperatures for spectra acquisition were different
to room temperature in order to induce a shift of the residual
internal solvent (HDO) to reveal or improve the resolution of
the anomeric signals arising from the sugar units. HSQC was
acquired at 25 1C using the same method as described in
Al-Rudainy et al.8 with minor adjustment for specific samples
(adjustment of SR, sweep width and O 1p and O 2p parameters).
Data was processed with Topspin (Bruker) or MestreNova
(Mestrelab Research). Baseline and phase correction were
applied in both directions. 1H NMR was used for quantification
as described in Rosengren et al. using an external standard36 as
well as using the module ERETIC 2 for quantification which
is based on PULCON,37 an internal standard method which
correlates the absolute intensities of two different spectra
(Topspin, Bruker).

Microcrystalline cellulose. Microcrystalline cellulose (Avicel
PH101, Sigma-Aldrich, Sweden) with an average particle size of
50 mm, N,N-dimethylacetamide (DMAc), lithium chloride
(99.0% LiCl) and dimethyloctylchlorosilane (DMOCS, 97%)
were purchased from Sigma-Aldrich, Sweden. LiCl2 was dried
at 200 1C overnight and used immediately. Purified water
(18 MO cm) was obtained by passing deionized water through a
Milli-Qs Water Purification system (MerckMillipore, Darmstadt,
Germany) was used for the preparation of all solutions. All other
solvents and reagents were of analytical grade and were used as
received.

Sample preparation. GG and LBG solutions (5 mg mL!1) in
sodium citrate buffer (0.05 M, pH 5.9) were prepared by adding
1.0 g of powder to 180 mL of buffer. The mixture was then
homogenized with Heidolph DIAX 900 homogenizer (Heidolph
Instruments GmbH, Schwabach, Germany) (using 5 pulses at
a setting 1) at 80 1C and heated to the boiling point under

agitation. The obtained viscous solution was cooled down to a
room temperature while continuing agitation overnight at 4 1C.
The solution was then centrifuged (5338 " g, 20 min) to remove
impurities and diluted with the buffer to 200 mL. Aliquots
of clear solution were stored at !20 1C until further use. After
thawing, the solution was vigorously stirred.

LvLBG was dissolved by wetting 1 g of powder with 2 mL of
95% ethanol followed by the addition of 90 mL sodium citrate
buffer (0.05 M, pH 5.9) and stirring overnight at 4 1C.
Thereafter, the solution was heated to 120 1C in a beaker
covered with aluminium foil and under vigorous stirring with
an IKA RCT basic magnetic stirrer. Stirring continued without
heating for approximately 20 min until complete dissolution.
The solution was then centrifuged (5338 " g, 10 min) to
remove impurities and diluted with buffer to a final volume
of 100 mL.38

GGM samples (10 mg mL!1) were dissolved directly in
0.05 M citrate buffer and stored at +4 1C for maximum 1 week
until further use. Cellulose solutions were prepared according
to Sczech et al.39 Microcrystalline cellulose powder (1 g) was
first left to swell for 1 h in 10 mL of deionized water at 40 1C.
Excess of water was then removed from the hydrated cellulose
by centrifugation (2616 " g, 15 min). This was followed by an
exchange with 10 mL of methanol, after which the mixture was
incubated during stirring for 45 min, followed by centrifugation
at 2616 " g for 15 min to remove the excess of the solvent. The
same procedure was repeated once more with methanol and
then twice with the anhydrous DMAc. After the last incubation,
the mixture was centrifuged, and the cellulose pellet was then
dissolved in 100 mL of 7% (w/v) LiCl/DMAc solution under
stirring at room temperature for 15 h. The cellulose solution
was then placed at 4 1C under stirring until the cellulose was
completely dissolved.

Substrate preparation. Substrates used for the ellipsometry
measurements were polished silicon wafers (p-type, boron-
doped, resistivity of 1–20 O cm) which were obtained from
SWI (Semiconductor Wafer, Inc., Taiwan). The wafers were
thermally oxidized at 920 1C in an oxygen atmosphere to yield
a 300 Å thick SiO2 layer.

Silicon wafers were cut into 2 " 1 cm pieces and cleaned
according to Chang et al.40 Silica substrates were placed in a
base mixture of 25% NH4OH, 30% H2O2, and H2O (1/1/5 by
volume) at 80 1C for 5 min, rinsed with deionized water, and
cleaned in an acid mixture of 32% HCl, 30% H2O2 and H2O
(1/1/5 by volume) at 80 1C for 5 min. The substrates were
thoroughly rinsed with water and ethanol, and stored in
ethanol (99.7%) until further use.

Polished silicon substrates (Siltronix, Archamps-France) of
5 " 5 " 1.5 cm3 capped with a silicon oxide layer were used
for Neutron Reflectometry (NR) measurements. Surfaces were
cleaned as described above.

The substrates used for Quartz Crystal Microbalance
with Dissipation (QCM-D, Q-Sense Analyzer, Biolin Scientific,
Gothenburg, Sweden) measurements were quartz crystals
(Q-Sense QSX 303) coated with gold and a top layer of SiO2

exposed to the solution. The fundamental frequency of the

Soft Matter Paper

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online

��



Soft Matter This journal is©The Royal Society of Chemistry 2020

crystals was 4.95 MHz. The quartz QCM crystals were cleaned
for 5 min in 2% (v/v) Hellmanex IIIs while sonicating and
rinsed with water and 99.7% ethanol.

Hydrophobized silica substrates were prepared by first treat-
ing cleaned silica surfaces in an air plasma for 5 min at
0.02 mbar using a plasma cleaner (Harrick Scientific Corp,
model PDC-3XG, New York, USA). The samples were then
immediately placed in a desiccator under vacuum with 1 mL
of DMOCS overnight. The hydrophobized silicon wafers were
subsequently sonicated for 20 min in tetrahydrofuran and
ethanol and stored in ethanol. Substrates were carefully rinsed
with ethanol and water, and dried with nitrogen gas before
each experiment.

Cellulose surfaces were prepared by spin-coating a few drops
of clear cellulose solution on the silica surface (spin coater
module LabSpin6/8, SUSS MicroTec SE, Germany) at 6000 rpm
for 60 s. The spin-coated wafers were annealed at 100 1C for
10 min, cooled down to room temperature, placed into deio-
nized water for 20 min, dried in a nitrogen flow and heated at
150 1C for 15 min. The cellulose covered substrates were used
immediately. The cellulose film thickness was roughly 40 nm
for all the substrates used for the ellipsometry measurements.

Dynamic and static light scattering (DLS and SLS). Both
static and dynamic light scattering experiments were performed
on an ALV/DLS/SLS-5022F, CGH-8F-based compact goniometer
system (ALV-GmbH, Langen, Germany) with a 22 mW He–Ne-laser
(632.8 nm) light source. The instrument was equipped with an
automatic attenuator, controlled via software. The sample holder
consists of a cell housing filled with a refractive index matched
liquid (cis-decahydronaphtalene) in which the cuvette was placed.

Light scattering data from GGM samples were recorded at a
concentration of 1.5 mg mL!1 and from galactomannans at
3 mg mL!1 dissolved in 0.05 M citrate buffer (pH 5.9).
All samples were filtered with a 0.45 mm-pore-size filter and
transferred to clean borosilicate NMR tubes prior to the mea-
surements. For SLS, angles from 401 to 1401 were used with a
step size of 21 for 6 s. The intensity autocorrelation functions
were obtained for angles from 601 to 1301 with steps of 101 for
at least 300 s. All the measurements were performed at 25 1C.

For the static light scattering, the obtained scattering
intensity I(q) was corrected for background scattering (DI(q))
and brought to an absolute scale according to eqn (1)41

IðqÞ ¼ DIðqÞ
IrefðqÞ

n

nref

! "2

RRref (1)

where n is the refractive index of the solution, and Iref(q), nref

and RRref are the scattered intensity, refractive index, and
Rayleigh ratio, of the reference (toluene), respectively. q is the
magnitude of the scattering vector:

q ¼ 4pn
l0

sin
y
2

! "
(2)

where l0 is the laser wavelength, n is the refractive index of the
solution and y is the scattering angle. The radius of gyration RG

was determined using Zimm plots.

The decay rate (G) was obtained from the second order
cumulative expansion,42 which was plotted at different scattering
vectors. The slope of such a plot gives the translational diffusion
coefficient D. The hydrodynamic radius RH was calculated
according to the Stokes–Einstein equation:

D ¼ kBT

6pZRH
(3)

where kB is the Boltzmann constant, T is the temperature and
Z is the solvent viscosity.

Small-angle X-ray scattering (SAXS). SAXS measurements
were performed at the SWING beamline at the SOLEIL Synchro-
tron (Gif-sur-Yvette, France). The instrument was equipped
with an Eiger 4M (Dectris) detector. The X-ray wavelength was
1.54 Å!1. Small-Angle X-ray Scattering curves were recorded
for SP and TMP samples in 0.05 M citrate buffer (pH 5.9) at
three different concentrations: 5 mg mL!1, 10 mg mL!1 and
20 mg mL!1. A flow capillary set up was used for all the
samples. Buffer was flushed through the capillary and mea-
sured before and after each sample to ensure a clean capillary
and to account for fluctuations in the beam intensity. The data
were collected for two different q-ranges (0.0049–0.44 Å!1 and
0.0027–0.24 Å!1) with an exposure time of 500 ms. Collected
scattering curves were reduced and stitched together using the
Foxtrot Software (https://www.synchrotron-soleil.fr/en/beam
lines/swing). The reduced data was evaluated with SasView.43

The scattering curves for both samples were fitted to the Unified
Exponential/Power-law model developed by Beaucage44–46 that
describes fractal-like behavior of polymers in solution.

Cryogenic-transmission electron microscopy (Cryo-TEM).
Samples for Cryo-TEM at a concentration of 1.5 mg mL!1 were
filtered through a 0.45 mm-pore-size filter. A 4 mL-sample drop
was placed on a lacey carbon coated formvar grid (Ted Pella
Inc., Redding, CA, USA) and gently blotted with a filter paper to
create a thin film. The grid was then prepared for imaging
using an automatic plunge-freezer system (Leica Em GP, Leica
Microsystems, Wetzlar, Germany) with the environmental
chamber operated at 25 1C and 90% relative humidity to
prevent evaporation from the specimen. The vitrification of
the specimen was performed by rapid plunging of the grid into
liquid ethane (!183 1C). Thereafter, samples were stored in
liquid nitrogen (!196 1C) and transferred into the microscope
using a cryo transfer tomography holder (Fischione, Model
2550, E. A. Fischione Instruments, Inc., Corporate Circle
Export, PA, USA). The grids were examined with a Jeol
JEM-2200FS transmission electron microscope (JEOL, Tokyo,
Japan) equipped with a field-emission electron source, a cryo-
pole piece in the objective lens and an in-column energy filter
(omega filter). Zero-loss images were recorded under low-dose
conditions at an acceleration voltage of 200 kV on a bottom-
mounted TemCam-F416 camera (TVIPS-Tietz Video and Image
Processing Systems GmbH, Gauting, Germany) using SerialEM.

Atomic force microscopy (AFM). AFM was performed with a
Park XE-100 (Park Systems Corp., Suwon, Korea) in a non-
contact mode. Samples were probed in dry state under ambient
conditions. A silicon cantilever with a 42 N m!1 spring constant
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and 330 kHz resonance frequency was used. The image analysis
was done with the XEI software (Park Systems Corp., Suwon,
Korea).

Ellipsometry. The main technique used to study the inter-
facial behavior of GGM is ellipsometry with complimentary
information obtained by QCM-D and neutron reflectometry.
The adsorption of hemicellulose to cellulose and hydrophobic
surfaces were measured in situ using null ellipsometry as
described previously.47 This method is based on the changes
in the polarization state when elliptically polarized light
is reflected from a surface. A Rudolph Research ellipsometer
(type 43603-200E) equipped with a xenon arc lamp light source
was used for the adsorption study. All measurements were
performed at 4015 Å wavelength and an incidence angle of
68.001. The silicon substrates were placed inside a trapezoid
cuvette with volume of 5 mL that was held at 25 1C.

The optical properties of the silicon substrates were charac-
terized before each experiment in two different media, air and
aqueous buffer. To minimize the effect caused by imperfections
of the optical components, the average positions of polarizer
and analyzer in four zones were used to calculate the ellipso-
metric angles, c and D. Here, c represents the change in the
relative amplitude and D, the phase shift of polarized light
upon reflection at the interface. From the ellipsometric angles,
the refractive index and layer thickness of the adsorbed layer
were determined using a three or four layer optical model.47

The adsorbed amount G was calculated using the de Feijter
equation48

G ¼ nf ! n0ð Þdf
dn=dc

(4)

where n0, nf, df and dn/dc are the refractive index of the
medium, the mean refractive index of the adsorbed layer,
the optical thickness of the layer and the specific refractive
index increment, respectively. The dn/dc values used for the
calculations and the references are summarized in Table 1.

After the characterization of the bare surface, a polysaccharide
solution was added to the ellipsometry cuvette to a final concen-
tration of 0.02 mg mL!1. For the experiments with cellulose
surfaces, pre-characterized silicon wafers were spin-coated with
the cellulose solution before the addition of the sample.

As soon as the system reached an equilibrium, the cuvette
was flushed with fresh buffer solution to remove the poly-
saccharide solution. This allowed to estimate the extent of
reversible mannan binding to the substrate.

Quartz crystal microbalance with dissipation (QCM-D).
QCM-D is an acoustic technique that measures changes in
the resonance frequency of a quartz crystal due to adsorption
or deposition of material on its surface. The change in

frequency is recorded as a function of time while a substance
is adsorbing to the substrate. The dissipation energy is mea-
sured by monitoring the decay of the signal amplitude
when switching off the potential across the crystal and yields
viscoelastic properties of the surface layer.52 A QSense E4
system with four flow cells (Biolin Scientific, Gothenburg,
Sweden) was used.

Hydrophobized crystals were placed in the flow cell and
ethanol was passed through the system with peristaltic pump
(Ismatec IPC-N 4, Zürich, Switzerland), followed by purging
with 0.05 M citrate buffer (pH 5.9). The crystals were left to
stabilize in the buffer for at least 30 min. The fundamental
frequencies and dissipation energies for each overtone were
determined before samples were injected at 150 mL min!1 at
a concentration of 0.02 mg mL!1. All measurements were
performed at 25 1C. The obtained data was treated and fitted
with a Voigt viscoelastic model53 using Dfind software (QSense,
Biolin Scientific).

Neutron reflectometry (NR). Neutron reflectometry is a
technique, where a neutron beam is directed towards a surface
and the intensity of the reflected radiation as a function of
scattering vector q (see eqn (5)) is measured.

q ¼ 4p
l0

sin yinð Þ (5)

where l0 is the neutron wavelength and yin is the angle of
incidence.

Here we used specular NR, i.e. the angle of reflection is equal
to the incident beam angle.54 Measurements were performed at
NIST Center For Neutron Research (NCNR, Gaithersburg, MD) on
the NGD-MAGIK reflectometer over a q-range of 0.005–0.2 Å!1.55

Adsorption of TMP GGM was studied with NR on a hydro-
phobic surface. TMP was dissolved in deuterated 0.05 M citrate
buffer (pH 5.9) at a concentration of 0.2 mg mL!1. First, the
specular reflectivity of the bare surface immersed in deuterated
(D2O) and protonated (H2O) buffer was measured versus q. The
sample in D2O buffer was then injected and left for 1 hour to
adsorb. Thereafter, two NR curves were measured after rinsing
with D2O and H2O-based buffers, respectively. The raw data was
reduced with the online data reduction service reductus.56 The
reduced data was evaluated with the Motofit software, which
uses the Abeles matrix method to calculate the reflectivity from
a stratified interfaces.57,58 The best fit was obtained applying
4 layers as follows: Si–SiO2, hydrophobic layer, the transition
layer containing acetyl groups of GGM interconnected with the
hydrophobic layer and the top layer mainly consisting of the
GGM sugar units. The layer thickness, roughness, solvent
penetration and Scattering length density (SLD) were found
for each layer by simultaneously fitting the model to the data
from H2O and D2O contrasts. Attempt was also made to
measure the interaction between GGM and the cellulose layer
using neutron reflectometry. However, the poor SLD contrast
between GGM and cellulose made modelling uncertain and we
therefore prefer not to discuss these data. We are at the
moment working on neutron reflectometry study where we
use deuterated cellulose to enhance the SLD contrast.

Table 1 dn/dc values of polysaccharides

Polysaccharide dn/dc [mL g!1] Ref.

LBG, LvLBG, GG 0.135 49
GGMs 0.148 50
Cellulose 0.131 51
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Results and discussion
Chemical analysis

The results from the chemical analysis are summarized in
Table 2. Assuming polymeric mannose, galactose, glucose
and acetyl content comprise acetylated GGM (AcGGM), this
component accounted for 77% and 83% of the dry-weight for
the TMP-GGM and SP-GGM preparations, respectively. The
SP-GGM preparation contained arabinoxylan, estimated from
the acid released xylose and arabinose as described above
(Table 2). No detectable arabinoxylan was present in TMP-
GGM. The lignin content was estimated to be 3.0% (TMP-
GGM) and 3.3% (SP-GGM) of the dry weight, based on simple
UV light absorption measurements.

1D and 2D NMR spectroscopy

Expansions of the 2D-NMR data in the anomeric region of SP
and TMP preparations are shown in Fig. 1. The proton NMR
resonances in the anomeric region were assigned based on
HSQC and confirmed by comparison with literature.18,19,59–61

The spectra recorded for both samples are similar con-
firming the similarity of the two samples. Hence, the SP is
used as a template to describe assignments of the peaks.
Table 3 shows the assignation in the anomeric area for SP

using HSQC (the corresponding data for TMP are shown in
the ESI†).

Spectra analysis showed that the studied hemicelluloses
(TMP and SP) mainly contain mannose, glucose and galactose
thus can be described as galactoglucomannan (GGM). HSQC
showed no resonances in the aromatic region characteristic
of lignin and these samples could be considered as fairly pure
in terms of lignin contamination, which is also consistent
with the UV spectroscopy analyses. However, a fair amount
of arabino glucuronoxylan is also part of the SP sample as
previously reported for a similar preparation by Palm and
Zacchi.33 Sample TMP also contains arabino glucuronoxylan
but in much lower amount. Traces of 4-O-methylglucoronic
acid (4-O-Me-GlcA) were present in the SP sample, which was
also reported by Palm and Zacchi.33

The 1D proton spectra of both samples at 70 1C is shown in
Fig. 2 and corresponds to the general assignments in the
anomeric region from Table 3. Apart from the anomeric signals
assigned in the fingerprint region (4.4–5.5 ppm), signals at
2.1–2.24 ppm indicate presence of acetylated saccharides. This
was further confirmed in HSQC, where typical cross peak for
acetyl group is clearly seen in the insert of Fig. 1 at dH/dC

2.2–1.9/21.56–21.4. Of these acetylated saccharides, HSQC
shows that they correspond to b-(1–4)-linked mannopyranosyl

Table 2 Structural properties of different mannans. The GGM chemical analysis is from present work and the reference is for the method of preparation.
The guar gum and locust bean gum data is from supplier38

Sample
Molecular
weight [kDa]

Molar ratio

Ref.Man Gal Glc Acetyl Ara Xyl

Guar gum (GG) 250.0 67 33 38
Locust bean gum LBG 556.0 78 22

LvLBG 107.0 78 22

Spruce galactoglucomannan
(GGM)

TMP 14.0 50 15 15 20 2, 6 and 33
SP 5.9 40 6 16 2 2 8

Fig. 1 2D NMR spectra of the anomeric region for the TMP (on the left) and SP (on the right) samples at 25 1C.
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residues at C-2 and C-3 as previously reported.19,59,61 For both
acetylated saccharides HSQC showed multiple cross peaks as

well as several resonances in the 1D proton spectra (compare
with inserts in Fig. 1). This reflects the random distribution of
the acetylated residues along the backbone and was also
observed by Lundqvist et al.18

Ratios of the different sugars were estimated using a semi-
quantitative approach based on the volume integration60,62

from HSQC as well as integration from 1D 1H. The limitation of
using volume integrals from HSQC is that the phase in the directly
detected dimension varies between the different cross-peaks, with
different amounts of the dispersive component contributing,
thereby affecting their integral. The disadvantage of using 1H is
that with the overlap of peaks the accuracy of the integration is no
more than 95% in some cases, this error would propagate when
calculating ratios as they involve more than two integrals. Never-
theless, these methods are established and have been extensively
used previously.35,59 Quantification of molar fraction an estima-
tion of masses was also calculated as done in Rosengren et al.,36

using and external standard and using ERETIC 2 method as
described previously. Given that the results from all the methods
are comparable here we present the results from the ERETIC 2
based calculations in Tables 4 and 5. We have made the utmost
effort to describe the correct assignation of all peaks.

Table 4 shows a summary of the composition estimates for
both samples using NMR. The Man : Glu : Gal was estimated
to be 100 : 22 : 9 and 100 : 18 : 5 for TMP and SP, respectively.
Both samples are fairly similar except in the galactose molar
content. Here it should be noted that galactose content is
calculated based on a-galactose, the presence of galactan
would up this number. GGM in softwood is described usually
as substituted with only aGalp units.19 Furthermore, the
galactose peak is not well-resolved (cf. Fig. 2) and the integra-
tion is likely to substantial error. We also note that the
chemical analysis (Table 2) gives a larger galactose content.
The degree of acetylation (DSAc) was estimated by comparing
the integrals of the acetylated regions and the GGM sugars in
the anomeric region.60

Table 3 1H and 13C NMR data of the anomeric region for the SP-GGM

Constituent Annotation Fig. key 1H (ppm) 13C (ppm)

Mannose a-ManpR Mar 5.18 94.87
-4)-b-Manp-(1-, 2-O-Ac M2 4.94 100.23
-4)-b-Manp-(1-, 2-O-Ac M2 4.9 99.65
b-ManpR Mbr 4.88,

4.91
94.77

-4)-b-Manp-(1-, 3-O-Ac M3 4.83 100.72
b-Manp-(1- M 4.76 101.21
-4)-b-Manp-(1- 4Manb 4.73 101.3

Glucose -4)-b-Glcp-(1- Glcb 4.53 103.55
-4)-b-Glcp-(1- Glcb 4.52 103.65

Galactose aGalp-(1- Gala 5.03 99.84

Other
polysacharides
Arabino-xylan -4,3)-b-Xylp-(1- X34b 4.48,

4.49
102.77

a-Araf-(1-3 A3a 5.28a

b-Galactan -4)-b-Galp-(1- Galb 4.64 105.5
Arabino-galactan -3)-b-Galp-(1- Gal3b 4.68 105.11

a From 1H NMR.

Fig. 2 Anomeric region of 1H NMR spectra of O-acetyl-GGM SP (top) and
TMP (bottom). Table 3 describes assignations.

Table 5 Sugar composition of GGM samples in relation to mannose
content

% mol Man aGal-Mana OAc-Man 2-OAc Man 3-OAc Man

TMP 59 1 40 57 43
SP 59 5 36 58 42

Man – (unsubstituted) mannose, Gal – galactose, OAc-Man = 2-OAc + 3-OAc.
a Molar fraction of non-acetylated mannose with galactose sub-
stituents assuming that mannose is either substituted with an –OAc
or an aGal.

Table 4 Total sugar composition of GGM samples

% mol Man Glc aGal AraXyl Acetyl DSAca

TMP 64 14 6 5 12 0.15
SP 61 11 3 15 11 0.15

Man – mannose, Gal – galactose, Glc – glucose, AraXyl – arabino xylan.
a The degree of acetylation was determined as the molar ratio of –OAc
groups linked to the GGM sugars.
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Table 4 shows that the main difference between both samples
is the presence of higher amounts of arabino glucurunoxylan
constituents in the SP sample (see Table S2, detailed SP NMR
peak assignments are shown in ESI†). The given values include
the two major residues of arabino glucuronxylan-3,4)-b-Xylp-(1-
and a-Araf-(1–3 because they are the major constituents identified
unequivocally from the spectra. Other components related to
other polysaccharides such as arabinogalactan were not possible
to use for quantification given their small area, ambiguity in peak
assignation and/or overlapping with other peaks. Based on the
values given in Table 4, the ratio of Man : AraXyl of B1 : 0.24 was
calculated for SP compared to 1 : 0.07 in TMP. Arabino glucur-
onoxylan is also a hemicellulose common in spent sulfite liquor
(SSL) from spruce.62 It has been shown that small amounts of
arabinose and xylose can be covalent constituents of GGM.63

Nevertheless, the presence of these polysaccharides may be due
to hemicellulose contaminants. Other cross peaks related to
arabino glucuronoxylan could be assigned to b-Xylp (4.13,
3.38/64.04) as well as the residue 3,4-Xylp in sample SP.
Characteristic peaks of a-glucuronic acid were also detected.
The cross peaks at 3.47/61.02 and 3.3/73.8 ppm indicate that a
fraction of these residues carry the 4-O-methyl substituent.19

Table 5 shows the sugar composition in relation to the
mannose content. The degree of acetylation (DSAc) was 0.15
in relation to the Manp units for both of the samples.
As discussed above, the NMR spectra suggest that the acety-
lated residues are randomly distributed along the backbone.
It is interesting to note that the molar fraction of non-acetylated
mannose with galactose substituents is higher for the SP
sample, however this can be related to the difficulties in
determining the galactose content with NMR.

Dynamic and static light scattering (DLS and SLS). The
combination of static and dynamic light scattering gives a
measure of the overall shape and size of particles, molecules
or aggregates in solution. The ratio between RG and RH

indicates whether a polymer behaves as a random coil, forms
a spherical particle (RG/RH 4 0.778) or has a long rod-like
conformation (RG/RH 4 2.0) in solution.64 Table 6 shows
the average RG and RH of LBG, GG, LvLBG, TMP and SP GGM.
All samples were filtered with 0.45 mm-pore filter to remove
larger aggregates and dust that have disproportionally large
impact on the scattering data due to their higher scattering
power. The correlation functions are listed in the ESI† (Fig. S2).

The molecular weight and dimensions of the GGM monomer
estimated from individual sugar groups are 0.18 kDa and 0.6 nm,

respectively. Therefore, fully stretched linear polymer in a mono-
disperse sample with molecular weights of 14.0 kDa and 5.9 kDa,
would be 47 nm and 20 nm long, respectively, which is almost
three times lower than the obtained values. Thus, the GGM
samples are likely to be aggregated. This conclusion is consistent
with cryo-TEM images of TMP GGM at the same concentration
(Fig. S4, in the ESI†) and with a recent study of a comparable GGM
preparation that shows similar aggregated structures but larger in
size,65 likely due to a higher molecular weight and solution
concentration of the sample. The expected contour length of
the locust bean gum and guar gum samples, calculated based
on the molecular weight of the corresponding linear polymer, is
about 10 times larger than the measured value. This suggests
that these polysaccharides are not aggregated but form separate
polymer chains in solution. Furthermore, both GGMs have a
RG/RH slightly higher than 1 (Table 6) which suggests that the
aggregates have an elongated shape. With a RG/RH of around
0.7, LBG and GG chains seems to adopt a globular shape in
solution. The radius of gyration for the GG and LBG are similar
to literature values.66,67

Small-angle X-ray scattering. Fig. 3 shows the scattering
curves obtained with SAXS for TMP and SP GGM samples with
different molecular weights, as well as branching degree.
Samples were characterized at three concentrations 5 mg mL!1,
10 mg mL!1 and 20 mg mL!1 (Fig. S3, in the ESI†) but no
significant difference in scattering was observed for either sample
when taking into account the polymer concentration. Therefore,
we show only the scattering curves recorded at 10 mg mL!1 for
each sample. This study is focused on GGM and the galacto-
mannans are to be considered as important reference samples.
A detailed SAXS analyses for this type of samples require

Table 6 Molecular weight and the results obtained from DLS and SLS of
the mannan-based polysaccharides

Mw [kDa] RG [nm] RH [nm] RG/RH

GGM TMP 14.0 122 111 & 8 1.10
SP 5.9 87 82 & 6 1.07

Locust bean gum LvLBG 107.0 79 95 & 14 0.75
LBG 556.0 111 210 & 39 0.53

Guar gum GG 250.0 42 93 & 16 0.61

Fig. 3 SAXS curves of the TMP (light red) and SP GGM (green) at a
concentration of 10 mg mL!1. Solid lines are fits to the corrected Beaucage
model. The scattering curve of the TMP was shifted upwards by a factor of
10 for clarity.
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synchrotron X-rays, and unfortunately, we only got limited beam
time that was enough to fully characterize the GGM samples.

The scattering curves show no distinct features other than a
shift of the power-law decay from !1.85 at low q to !1.0 at high
q for TMP GGM (!1.7 to !0.95 for SP GGM) as indicated in
Fig. 3. The lack of a drastic change in the slope through the
extended q-range indicates self-similarity or fractal-like beha-
viour of the polymer molecules in solution. The scattering from
such a polymer chain can be described by using a mass fractal
model, i.e. the scattering intensity, I(q) B q!d. Such a model is
valid as the exponents (!d) are between !1 and !3.45 The
exponent of !1 at high q-values indicates rod-like shape of
the polymer below its persistence length. Based on these
observations, the scattering data was fitted to a corrected
Beaucage model that describes fractal morphology with flexible
cylinders as building blocks.45,46 This model gives two radii of
gyration that were determined from the low-q region and the
transition region between two slopes of the scattering curve
indicated in Fig. 3. The slope at low-q, i.e. in the regime where
the Guiner model is valid, RG represents the overall size of the
polymer particle. However, in the case of (large) polymers, it
can be challenging to reach the Guinier regime due to limited
q-range of most instruments. The second RG, however, can be
converted to a Kuhn length l by using the eqn (6)68,69

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
12RG

2
p

(6)

The Kuhn length is twice the persistence length and a
measure of the polymer chain stiffness. For the data shown
in Fig. 3, we obtained l = 8.4 and l = 11.2 nm for SP and TMP
GGM, respectively. This demonstrates a decreased chain flexi-
bility due to branching, as TMP GGM has a higher galactose
substitution degree than SP GGM according to the chemical
analysis results (Table 2). This is not shown by NMR though,
but here as discussed above the quantification of galactose is a
bit uncertain. Another factor that can affect the results is the
presence of higher amounts of arabino glucurunoxylan consti-
tuents in the SP sample.

Due to a high density of short galactose branches on the
polysaccharide backbone, we expect the GGMs to behave as
comb-like polymers. A computational study showed that
branching considerably stiffens the backbone of comb-like
polymers and the Kuhn segment length increases with increas-
ing side chain length due to excluded volume interactions
between side chains.70

AFM of cellulose film. The microcrystalline cellulose Avicel
used in this study for the film formation has a crystalline
structure characteristic to a native cellulose I. In order to
solubilize cellulose, the strong inter and intramolecular hydro-
gen bonds need to be broken. This is achieved in LiCl/DMAc
solvent as Li! anions form even stronger hydrogen bonds
with the hydroxyl group protons of cellulose.71 By breaking
the hydrogen bonding network, cellulose fibres disintegrate
into individual polymer chains or smaller bundles that can be
dispersed in solution. Thus, it is likely to expect a change of
cellulose crystal structure, when the cellulose is recrystallized at

surface from the LiCl/DMAc solvent. In fact after dissolution,
the crystallinity index usually decreases to a value typical for
a semicrystalline matrix (cellulose III).72 Different aspects of
crystallinity of cellulose and quantification has been thor-
oughly discussed by Krässig.73 Important also to consider is
the size of the crystalline domains, which can be estimated
from broadening of the X-ray powder pattern.74 Aulin et al. has
used small incidence angle X-ray diffraction to estimate the
crystallinity of thin films of cellulose prepared using different
methods and sources.75 They estimated the crystallinity of the
type of surface films used in the present study to be about
15% or less.

Films from dissolved cellulose were characterized with AFM
in non-contact mode in air before the ellipsometry and neutron
reflectometry experiments. Fig. 4 shows the topographical
features of the spin-coated cellulose surface. The surface is
uniformly covered with cellulose fibrils associated in random
network giving a fairly smooth layer and the root mean square
roughness of the film is 3 nm.

We note that the applied protocol gives high reproducibility
when it comes to surface structures as observed with AFM in
air. Unfortunately, it is not possible to determine the crystal-
linity of the film with AFM. It was also not possible to image the
surfaces under water with the used AFM set-up. This is partly
due to swelling of the surface layer as observed by ellipsometry
and described further below. Swelling of the cellulose film in
water has also been observed by Aulin et al.75

Ellipsometry. The adsorption of mannans at low concen-
tration (0.02 mg mL!1) were studied in situ with null ellipsometry.

Fig. 4 AFM topography image of a cellulose film spin coated on silica
substrate.
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Fig. 5 shows the results from a typical adsorption measurement.
The sample was added to the cuvette after the substrate had been
equilibrated in the buffer. The kinetics of the adsorbed amount
was then followed and after the plateau in adsorption is reached,
the cuvette was rinsed with a neat buffer solution to reveal the
reversibility of the adsorption.

Fig. 6 summarizes ellipsometry results for mannans on
hydrophobic and cellulose coated surfaces. The adsorption
versus time data are shown in Fig. S6 and S7, in the ESI.† The
adsorbed amount is higher on cellulose surfaces than on
hydrophobic surfaces for all studied polysaccharides. This
suggests a stronger attractive interaction of mannans to the
cellulose surface. One might speculate that this is due to a
specific interaction between the two types of polysaccharides,
i.e. mannans and cellulose. It is known that simple sugar
surfactants, i.e. hexadecyl maltosides, show strongly attractive
head group interactions, which is different for different stereo-
isomers and have large effect on the assembly behaviour.76

Similar tendency has also been observed with bacterial cellu-
lose produced in the presence of mannan-based polysaccharides
leading to a co-crystallisation of polysaccharides.26,32,77 A contri-
buting factor could also be that the rougher cellulose substrate
gives a larger effective area and hence a larger number of
adsorption sites.

We note that the ellipsometry data has been analysed with a
model comprised of individual homogenous layers, i.e. silicon,
silicon oxide and a top layer consisting of cellulose that also

includes mannans after adsorption. We have used an alterna-
tive model with a separate mannan layer on top of the cellulose
layer (Table S3, ESI†). We would like to remind that the
cellulose films prepared with the above described method is
expected to have a semicrystalline structure. We also note from
the AFM image in Fig. 4 that the film has a rather open
structure and we can expect that such a structure can entrap
a significant amount of water, leading to swelling of the film.
This was also observed with ellipsometry (Fig. S5, in the ESI†).
Since the mannan–cellulose surface interaction is more favour-
able than the water–cellulose surface interaction, mannan
polymers adsorb on surface replacing the water molecules.23

Under such conditions we can regard the adsorption process as
entropically driven. Compared to a flat and smooth hydro-
phobic surface the rougher cellulose surface has also a larger
effective area to which hemicellulose can bind.

The adsorbed amount of the mannans to the cellulose
surface is dependent on the molecular weight of polymer
chains as the highest value was obtained with the 556 kDa
Locust bean gum (3.4 & 0.2 mg m!2) and the lowest one
with the 5.9 kDa SP (2.1 & 0.3 mg m!2) and 14 kDa TMP
GGM (2.1 & 0.1 mg m!2). The effect of the molecular weight on
the adsorption of polysaccharides was previously noted by
Kabel et al.25 who compared the adsorption of xylans with
different molecular weights to bacterial cellulose. However, a
study by Hannuksela et al.5 on the interaction between enzy-
matically modified guar gum and bleached kraft pulp found
that the galactose substitution degree has a stronger impact on
the adsorbed amount to cellulose than molecular weight. The
highest adsorption was found for mannans with lower density
of galactose units for both high and low molecular weight
samples. The authors suggested that a close contact between
mannan backbone and cellulose surface is necessary to obtain
high adsorbed amount and a large density of side groups
prevents this close contact.

We can conclude that all studied mannan polymers have
fairly hydrophobic character based on the ellipsometry results
that show significant adsorption on the hydrophobic surface.
GGMs give higher adsorbed amount on hydrophobic surfaces
than galactomannans. A plausible explanation is the acetylation
carried by the GGM backbone but not by the galactomannans
(Table 2).

The NMR spectra indicated that the acetylation is randomly
distributed along the polysaccharide chain. An additional
contributing factor may be the amphiphilic character of sugar
monomers, displaying a hydrophobic surface that makes
hydrophobic interactions favourable78 as described e.g. for
cellulose.79,80 The hydrophobicity of mannoses is suggested
to be similar or even slightly higher than for glucose.78 With the
lower degree of galactosylation of the used GGM (Table 2) it
could be argued that the GGM on average have longer unsub-
stituted backbone regions which potentially, in addition to
acetyls, could be responsible for interactions with the hydro-
phobic surface. All the polysaccharides have higher adsorbed
amount on the cellulose surface than on the hydrophobic
surface. This is possibly due to attractive interaction between

Fig. 5 Adsorbed amount (red) and layer thickness (green) of TMP GGM on
a hydrophobic silicon oxide surface.

Fig. 6 Adsorbed amounts of mannan-based polysaccharides on hydro-
phobic and cellulose surfaces studied by ellipsometry. Data is represented
in the order of decreasing polysaccharide molecular weight. Measurements
were repeated at least once.
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the carbohydrate groups of the adsorbing polymer and those in
the cellulose surface. Although this cannot be the driving force
of the hemicellulose attachment, it can possibly make the
adsorption less reversible. In this respect, it can lead to an
apparently higher adsorption. In addition, the more open
structure of the cellulose film will lead to higher specific area
as discussed above. The adsorption was found to increase
with the molecular weight and in contrast to the study of
Hannuksela et al.,5 we did not find a correlation between
difference in branching as indicated by the chemical analysis
(Table 2) and adsorption.

Quartz crystal microbalance with dissipation. The adsorp-
tion of mannan-based polysaccharides on hydrophobic surface
was studied using QCM-D. The adsorbed amount on hydro-
phobic surfaces was obtained from fitting the data to the
Voigt viscoelastic model, see ESI† (Fig. S8, in the ESI†). The
adsorbed amounts recorded by QCM-D (Table 7) are signifi-
cantly higher than those obtained with ellipsometry. This is
because QCM-D measures the wet mass of the adsorbed layer
that includes coupled water. The combined results from
ellipsometry and QCM-D show that the adsorbed mannan
layer is highly hydrated with the solvent amount above 90%.
Here is noteworthy that the SAXS data suggest that the GGM
polymer chains are quite stiff, presumably due to the presence
of galactose side chains. Unless the GGM chain is parallel to
the surface, portions of the GGM molecules will extend into
solution and contribute to the large added amount as revealed
with QCM-D, i.e. larger amount of coupled water. The high
content of water in the adsorbed layers of mannans have
already been reported previously with 91% for GG and 65% for
GGM.28,81 However, the dry mass of the added layer of GG and
GGM on cellulose (0.26 mg m!2 and 0.6 mg m!2) is much
lower than the one obtained in the current study (2.8 mg m!2

and 2.0 mg m!2) with the ellipsometry. This could be
explained by the difference in the thickness of the cellulose
layer. As shown in Fig. S9 (in the ESI†), the thickness of a
cellulose layer has a significant effect on the adsorbed amount
of the mannan.

Neutron reflectometry. Neither ellipsometry nor QCM-D
allows for a determination of the density profile of the adsorbed
biopolymer layer perpendicular to the surface; the adsorption
of TMP GGM on hydrophobic surface was therefore studied
with neutron reflectometry. The reflectivity curves and model-
ling results are shown in Fig. 7. The model fit parameters are
summarized in Table 8.

A significant change in the measured reflectivity is observed
after the addition of TMP GGM compared to the bare surface,
although the changes in the measurements with H2O solvent

are smaller due to the comparatively low scattering contrast
between H2O and TMP GGM.

The best fit to the data with a w2 of 3.6 was obtained by using
a simple optical model where the TMP GGM layer is divided
into two. Here, the layer closest to the hydrophobic surface is
expected to have more of GGM moieties with acetyl groups and
parts of the hydrophobic layer i.e. the transition layer. The top
layer is expected to be much more hydrated with more of the
non-acetylated sugar moieties. The roughness takes care of the
fact there are no sharp borders between the layers, but rather a
(Gaussian) distribution of matter.

The transition layer is around 4 Å with the scattering length
density (SLD) equal to 0.7" 10!6 Å!2 in D2O and 0.5 " 10!6 Å!2

in H2O. This suggests that there is very little water in this
layer. The top layer is 210 Å with the SLD of 3.4 " 10!6 Å!2 and
1.9 " 10!6 Å!2 in D2O and H2O, respectively. According to
Raghuwanshi et al.82 every glucose unit in cellulose contains
three hydrogens that are instantly exchanged with deuterium,
therefore SLD of the polysaccharide is different in D2O and
H2O. The top layer is much thinner than expected from the
hydrodynamic radius (see Table 6), indicating that the polymer
takes a flat conformation on the hydrophobic surface. As we
have shown previously by combining the results obtained with
ellipsometry and QCM-D, the top layer is highly hydrated with
the solvent amount of 97%.

Table 7 The summary of the adsorbed amounts on hydrophobic surfaces as followed with ellipsometry and QCM-D, and the calculated solvent content
in the adsorbed layer

LBG GG LvLBG TMP GGM SP GGM

Adsorbed amount (mg m!2) QCM-D 26 & 6 30 & 10 31 & 4 28 & 3 28 & 1
Ellipsometry 0.94 & 0.09 1.53 & 0.03 0.8 & 0.1 1.6 & 0.1 1.50 & 0.03

Solvent content [%] 96 95 97 94 95

Fig. 7 Neutron reflectivity as a function of momentum transfer (q) of
pure hydrophobic surface (dark red in D2O and dark blue in H2O) and
after adsorption of TMP (light red in D2O and light blue in H2O).
Solid black lines represent the theoretical fit. The inset illustrates the
scattering length density (SLD) profile as a function of distance from the
Si surface based on the fitting with the numbers indicating layers
described in Table 8.
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Conclusions
The nature of the interactions between hemicellulose and cellu-
lose is important for both understanding the processes inside
plant cell walls, as well as a tool for development of various
sustainable materials to replace fossil-based ones. Although
these interactions have been studied since 1980s, the nature of
the interactions are still not fully understood due to lack of
access to well-defined samples and challenges when it comes to
preparation of samples and characterisation techniques.

The main aim of this work was to reveal the structural
properties of softwood hemicellulose that controls their affinity
to cellulose surfaces. The adsorption of softwood hemicellulose
(GGM) and similar galactomannans was studied with ellipso-
metry, QCM-D and neutron reflectometry. To provide further
understanding of the forces that control the interaction
between hemicellulose and cellulose, the adsorption was also
performed on the hydrophobised silica. The combined results
from these measurements show:

1. All polymers showed a higher adsorbed amount on the
cellulose surface than on the hydrophobic one. This can be
related to the larger specific area of the cellulose layer. In addition,
attractive interaction between the adsorbing polymer sugar
groups and corresponding groups in the cellulose layer might
contribute to anchoring the polymer to the surface.

2. The substantial adsorption to the hydrophobic surface
indicates that the polysaccharides have a fairly hydrophobic
character. The results also suggest that GGM samples are more
hydrophobic as shown by NR possibly due to the presence of
acetyl side groups in the GGM structure that interact with the
hydrophobic surface.

Cellulose films prepared in this study are expected to have a
semi-crystalline nature with amorphous regions entrapping
large amount of water molecules. The interaction between
mannan and cellulose molecules are more favourable than
cellulose–water interaction due to relatively hydrophobic
nature of both polymers. We therefore expect that increase
of entropy due to the release of water upon adsorption is one
of the driving forces.

Mannans form a diffuse monolayer with parts extending
into the solution as observed by QCM-D and NR. This is
supported by the SAXS data showing that GGMs are quite stiff,
likely due to bulky galactose side groups. DLS, SLS and Cryo-TEM
indicate that polymers are present in the solution in the
aggregated state. However, the observed thickness of the layer

is smaller, which indicates that they rearrange and take flat
conformation at the interface.

The adsorption to cellulose coated surface increases with the
molecular weight, however, no clear impact of the galactose
substitution degree was found.
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prof. Karin Schilleń for the help with DLS and SLS data treatment
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Table 8 Parameters obtained from the fitting of NR data measured in D2O and H2O. The numbers correlate to the layer numbers in the SLD profile in
Fig. 7

1 2 3 4

SiOx Hydrophobic layer Transition layer GGM

D2O H2O D2O H2O

SLD [10!6 Å!2] 3.47 !0.44 & 0.02 0.68 & 0.08 0.5 & 0.4 3.4 & 0.1 1.9 & 0.5
Layer thickness [Å] 15.6 & 0.2 15.8 & 0.1 4.0 & 0.2 210 & 11
Solvent [v/v, %] 8.7 & 0.6 6.9 & 0.3 14 & 1 97.1 & 0.1
Roughness [Å] 8.2 & 0.1 8.3 & 0.1 2.1 & 0.2 97 & 13
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TMP anomeric assignation: 

Table S1 1H and 13C NMR data of the anomeric region for the TMP GGM 

Constituent 
1H (ppm) 13C (ppm) Annotation Figure Key 

mannose 

5.19 94.86 ɲ-ManpR Mar  

4.94 100.23 -4)-ɴ-Manp-(1-, 2-O-Ac M2

4.90 99.64 -4)-ɴ-Manp-(1-, 2-O-Ac M2

4.91 94.77 ɴ-ManpR Mbr 

4.84 100.62 -4)-ɴ-Manp-(1-, 3-O-Ac M3

4.76 101.20 ɴ-Manp-(1- M 

4.74 101.30 -4)-ɴ-Manp-(1- 4Manb 

glucose 

4.53 103.55 -4)-ɴ-Glcp-(1- Glcb  

4.52 103.65 4)-ɴ-Glcp-(1- Glcb  

galactose 5.03 99.84 ɲGalp-(1- Gala 

Other polysaccharides 

arabino glucuronoxylan 

4.49 102.76 -3,4)-ɴ-Xylp-(1- X34b 

5.28 110.37 ɲ-Araf-(1-3 Ara3 

arabinogalactan 5.10 108.62 Ara3 

ɴ-Galactan 4.64 105.50 -4)-ɴ-Galp-(1- Galb 
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Table S2. NMR spectra peak assignment for SP Sample 
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SP Mannose region assignation: 

Figure S1 Assignment of cross peaks for mannose in HSQC (Table S2). 
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DLS autocorrelation functions: 

Figure S2 Dynamic light scattering correlation functions of mannans obtained for different angles. 

LBG LvLBG 

GG TMP 

SP 
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SAXS scattering curves: 

Figure S3 Scattering curves of TMP and SP GGM samples at concentrations of 5 mg/mL and 20 mg/mL. 

SP SP 
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Figure S4 Cryo-TEM image of TMP GGM 
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Table S3 Ellipsometry results obtained by fitting experimental data on cellulose surface to a 3-layer model. 

Layer Refractive index Thickness [Å] 
Adsorbed amount 

[mg/m2] 

1 

LBG 1.416 57 3.1 

Cellulose 1.424 450 28.1 

SiOn 1.470 274 

Si 5.512 

2 

LBG 1.408 50 2.4 

Cellulose 1.420 460 27.4 

SiOn 1.466 279 

Si 5.475 

1 

GG 1.418 44 2.5 

Cellulose 1.423 460 28.4 

SiOn 1.467 297 

Si 5.515 

2 

GG 1.413 56 2.9 

Cellulose 1.421 414 24.9 

SiOn 1.465 270 

Si 5.470 

1 

LvLBG 1.421 37 2.2 

Cellulose 1.425 394 24.9 

SiOn 1.472 268 

Si 5.478 

2 

LvLBG 1.418 35 2.0 

Cellulose 1.423 439 27.1 

SiOn 1.471 267 

Si 5.479 

1 

TMP 1.417 38 1.9 

Cellulose 1.413 438 23.7 

SiOn 1.472 278 

Si 5.478 

2 

TMP 1.417 39 2.0 

Cellulose 1.423 486 30.0 

SiOn 1.471 260 

Si 5.477 

1 

SP 1.416 41 2.0 

Cellulose 1.42 411 24.4 

SiOn 1.468 276 

Si 5.478 

2 

SP 1.412 37 1.7 

Cellulose 1.417 432 24.7 

SiOn 1.468 261 

Si 5.481 
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Figure S5 Cellulose film swelling in water as observed with null ellipsometry  
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Figure S6 Mannan adsorption on hydrophobic surface measured with ellipsometry  
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Figure S7 Mannan adsorption on cellulose surface measured with ellipsometry  

LBG GG

LvLBG TMP
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QCM-D data and fitting: 

Figure S8 Mannan adsorption on hydrophobic surface measured with QCM-D. Results were fitted to the Voigt viscoelastic 
model using at least three overtones. Theoretical fit is represented by solid lines. 

Figure S9 The adsorbed amount of GG on the cellulose films spin coated at different speeds determined with 
ellipsometry 
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Abstract 

Cellulose and hemicellulose form complexes inside plant cell walls in order to protect the cells from 
deformation and provide stability. This study aims to further improve the knowledge regarding the 
interactions between these two polysaccharides, to aid in the design of novel materials, as well as 
provide insight into the mechanisms of formation of the complex structures inside plants. Here we 
investigate the adsorption of wood- and seed-based E-mannans to model cellulose films. The properties 
of the cellulose films, e.g. crystallinity, were first evaluated with attenuated total reflectance Fourier 
transform infrared spectroscopy, based on quantification of the unexchangeable hydroxyl groups in a 
D2O environment. The spin-coated bacterial cellulose films contained both crystalline and amorphous 
regions with around 8% of inaccessible hydrogen atoms. The films were characterized with neutron 
reflectometry before and after adsorption of hemicellulosic heteromannans to determine their thickness 
and solvent content. The spin-coated cellulose films were rather thin (10 to 15 nm) and highly hydrated 
with the solvent penetration above 75%. E-Mannan chains were found to penetrate the cellulose film 
for all hemicellulose samples. The highest adsorbed amount of hemicellulose was obtained for the 
sample with the lowest content of galactose side chains and with the lowest molecular weight, as these 
smaller and more flexible molecules are able to diffuse into the cellulose layer more extensively. 
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Introduction 

Cellulose is the primary polysaccharide that makes up plant cell walls. Cellulose chains assemble to 
form crystalline and amorphous fibrillar networks that provide mechanical strength to plants. 
Hemicellulose is the largest non-cellulosic polysaccharide found in plant cell walls. Hemicelluloses 
have higher aqueous solubility and provide additional strength and elasticity to the cell walls, as well 
as controlling the aggregation of cellulose microfibrils. Some hemicelluloses are stored in the secondary 
plant cell walls as an energy source.1 Both of these polysaccharides have garnered a lot of attention as 
a potential replacements for fossil-based matter due to their biodegradable nature and vast abundance 
of the raw material. Wood consists of about 40-50 wt% cellulose but other plant tissue e.g. in cotton, 
consists of more than 90 wt% of cellulose.2 Hemicellulose content varies not only in different plants 
but also between different cell wall types (primary or secondary).  
Hemicelluloses are often divided into xyloglycans, mannoglycans, xyloglucans and 𝛽-glucans with 
mixed linkages, based on the types of sugar and sugar linkages they contain.3 Xyloglucans are the major 
hemicelluloses in primary cell walls with the highest amount found in dicotyl plants (20-25%). 
Xyloglucans have a similar backbone to cellulose, containing (1→4)-𝛽-D-glucopyranan and 𝛼-D-
xylopyranose branches at the C-6 position. It often also contains other monosugars. Xyloglucans are 
also stored in the seeds of nasturtium and tamarind plants. In the secondary cell walls of dicotyl plants, 
however, the predominant hemicelluloses are xyloglycans or xylans (20-30%). Grass cell walls contain 
up to 50% xyloglycans.4 Xylans consist of a (1→4)-𝛽-D-xylopyranan backbone alone or with branches 
containing various oligosaccharides, D-glucuronic acid or its 4-O-methyl ether. 𝛽-D-glucans containing 
1→3 and 1→4 linkages occur only in Poales plants such as cereal grasses. Mannoglycans consist of 
(1→4)-𝛽-D-mannopyranan with (1→6)-𝛽-D-galactopyranose side groups, therefore they are often 
called galactomannans (GMs). Galactomannans with low galactose substitution degree (around 4% 
galactose) are present in the seed endosperm of ivory nut (Phytelephas macrocarpa), date (Phoenix 
dactylifera) and in the green arabica coffee beans. Highly substituted galactomannans are mainly found 
in the storage tissue cell walls of seeds e.g. guar (Cyanopsis tetragonoloba), locust bean gum (Ceratonia 
siliqua) and tara gum (Caesalpinia spinosa). In some mannoglycans, the mannan backbone is partially 
substituted with (1→4)-𝛽-D-glucopyranose. Such mannoglycans are often called galactoglucomannans 
(GGMs) and they are the primary non-cellulosic components in the secondary cell walls of softwood 
such as spruce, pine and poplar. In addition to galactose side groups, GGMs contain acetyl groups 
attached at the C-2 and C-3 positions.3 
The role of hemicellulose inside plant cell walls is well understood, the nature of the interaction with 
cellulose, however, remains unclear. The binding of hemicellulose to cellulose is believed to occur 
partly via hydrogen bonding, but the process has been reported to be mainly driven by the gain in 
entropy upon the release of water molecules when hemicellulose chains attach to cellulose. 5–7 In 
addition, the composition and structure of hemicellulose, as well as cellulose type and crystallinity, is 
expected to control the strength of the attractive interaction. The adsorption of hemicellulose to 
cellulose has been studied extensively.  For instance, the backbone unit conformation of hemicellulose 
has been shown to affect the aggregation behavior of the bacterial cellulose when produced in the 
presence of  different types of hemicelluloses. 8 The absence of the axial hydroxyl groups in xylan-
based hemicelluloses and cellulose allowed a closer contact between the backbones resulting in co-
crystallization of the components. E�Mannans, on the other hand, decrease the crystallinity of the 
composite as compared to the pure bacterial cellulose. The branching degree has been shown to impact 
the adsorption behavior of different kinds of hemicellulose.9–14 A large side group content disrupts the 
intimate alignment between the backbones, leading to a lower contact area between the polysaccharides. 
It has been shown that at least 15 consecutive unsubstituted xylosyl or 4 glucosyl units are necessary 
for efficient binding.10,15 Cleaving off the side groups from the backbone reduces the solubility of the 
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hemicellulose and has been shown to facilitate its adsorption to cellulose surfaces.11–13 High galactose 
substitution degree has been shown to decrease the flexibility of the hemicellulose backbone which in 
turn hinders the ability of the polysaccharide to penetrate cellulose pores.6,16,17  
Interestingly, when considering the effect of molecular weight on the adsorption, contrasting results 
have been reported. A higher molecular weight of oat spelt xylans has been shown to significantly 
increase their adsorption to cellulose surfaces.15 A study performed on enzymatically modified guar 
gum samples demonstrated that their adsorption to a bleached kraft pulp is affected by molecular weight 
but more so by the degree of branching.18 However, it has also been highlighted that polysaccharides 
with lower molecular weight are able to penetrate the cellulose layer and occupy smaller pores.6,16 
We have previously shown how solution properties of several types of hemicelluloses affect their 
adsorption to spin-coated microcrystalline cellulose surfaces. In this study, we focus on the properties 
of cellulose films, mainly crystallinity, and the distribution of hemicellulose across the cellulose layer. 
The crystallinity of the deuterated bacterial cellulose film was determined from the amount of the 
inaccessible hydroxyl groups present in a D2O environment. The adsorption of hemicellulose samples 
originating from various sources to the d-cellulose surfaces was monitored using neutron reflectometry 
(NR), which provides information about the scattering density profile of the layer and, therefore, its 
composition  perpendicular to the substrate surface. 

Experimental 

Materials 

N,N-dimethylacetamide (DMAc), lithium chloride (99.0% LiCl) and dimethyloctylchlorosilane 
(DMOCS, 97%) were purchased from Sigma-Aldrich, Sweden. LiCl2 was dried at 200qC 
overnight and used immediately. Purified water (18 MΩ cm) was obtained by passing deionized 
water through a Milli-Q® Water Purification system (MerckMillipore, Darmstadt, Germany) 
and was used for the preparation of all solutions. All other solvents and reagents were of 
analytical grade and were used as received.  
Hemicellulosic E�mannan samples. Galactomannan polysaccharides, guar gum (GG) and locust 
bean gum (LBG) were obtained from Megazyme International (Bray, Ireland). Spruce 
galactoglucomannan samples were obtained from the spruce thermomechanical pulp process 
waters (TMP) and spruce chips that were subjected to steam extraction (SP) according to 
Lundqvist et al.19 TMP was purified using ultrafiltration and diafiltration as described in detail 
by Andersson et al.20 whereas the purification of SP was performed with size exclusion 
chromatography as described by Palm and Zacchi.21 The GGM preparations were freeze-dried 
and stored under dry conditions at room temperature. Detailed NMR analysis of the samples is 
described in Naidjonoka et al.17 Carbohydrate composition and molar weight of all the 
polysaccharides used in this study are summarized in Table 1. 

Table 1. Denotation, molecular weight and molar ratio of different E�mannan based polysaccharides. The GGM chemical 
analysis is from Naidjonoka et al.17 and the reference is for the method of preparation.  The guar gum and locust bean gum 
data is from the supplier22 

Sample 
Molecular 

weight [kDa] 
Molar ratio Reference Man Gal Glc Acetyl Ara Xyl 

Guar gum (GG) 250.0 67 33 
22

Locust bean gum LBG 556.0 78 22 
LBG* 107.0 78 22 

Spruce 
galactoglucomannan 

(GGM) 

TMP 14.0 50 15 15 20 19–21

SP 5.9 40 6 16 28 2 8 
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Bacterial cellulose. Deuterated bacterial cellulose was provided by the National Deuteration 
Facility (ANSTO, Australia) and non-deuterated bacterial cellulose was kindly provided by 
Cedric Dicko (Lund University). Deuterated bacterial cellulose was produced by 
Gluconacetobacter. xylinus (ATCC53524) bacteria grown on D2O medium with d8-glycerol as 
the carbon source.23 
Sample preparation. Hemicellulose samples were solubilized according to the protocols 
described in Naidjonoka et al.17 and diluted with 0.05 M citrate buffer to a concentration of 
0.6 mg mL-1. 
Cellulose solutions were prepared using a DMAc/LiCl solvent system according to the method 
described in Naidjonoka et al.17  
Substrate preparation. Substrates used for the neutron reflectometry measurements were polished 
silicon substrates (Siltronix, Archamps-France) of 9 x 5 x 1.5 cm3 capped with a silicon oxide layer. 
Surfaces were cleaned according to Chang et al.24 The surfaces were first placed in a base mixture 
of 25% NH4OH, 30% H2O2, and H2O (1:1:5 by volume) at 80qC for 5 min and then rinsed with 
deionized water, and placed in an acid mixture of 32% HCl, 30% H2O2 and H2O (1:1:5 by 
volume) at 80qC for 5 min. The silica substrates were thoroughly rinsed with water and ethanol, 
then stored in ethanol (99.7%) until further use.  
Diamond crystal was used for the ATR-FTIR measurements. The crystal was cleaned with 
2% Hellmanex solution and rinsed thoroughly with milli-Q water and ethanol. 
Cellulose films were prepared by spin-coating a few drops of clear cellulose solution on the silica 
surface or FTIR crystal (spin coater module LabSpin6/8, SUSS MicroTec SE, Germany) at 1700 rpm 
for 5s. The spin-coated wafers were annealed at 100qC for 10 min, cooled down to room temperature, 
placed into deionized water for 20 min, dried in a nitrogen flow and heated at 100qC for 10 min. The 
cellulose covered substrates were used immediately.  
Atomic Force Microscopy (AFM). Park XE—100 (Park Systems Corp., Suwon, Korea) was utilized 
for the AFM measurements in a non-contact mode. Samples were probed in a dry and liquid state under 
ambient conditions. A silicon cantilever with a 42 N/m spring constant and 330 kHz resonance 
frequency was used for imagining in the dry state. Images in liquid were obtained using tapping mode 
with a silicon cantilever with a 3 N/m spring constant and 75 kHz resonance frequency. The image 
analysis was performed with the XEI software (Park Systems Corp., Suwon, Korea).  
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR). A Thermo 
Scientific Nicolet 6700 spectrometer equipped with a MIRacle single reflection ATR accessory (Pike 
Technologies) was used for these measurements. The crystal of the ATR accessory was diamond. ATR-
FTIR was used to determine the amount of inaccessible hydroxyl groups present in the spin-coated 
cellulose films. This was done by passing D2O vapor flow through a flow through cover cell for single 
bounce ATR-FTIR crystal (Pike Technologies). The D2O vapor was produced by gently bubbling 
nitrogen gas in a D2O containing tube. First, the background spectrum of the clean diamond crystal was 
taken. After that, the crystal was spin-coated with cellulose solution as described above. The cellulose 
film was then dried by passing N2 through the FTIR flow through cover cell for at least an hour. Once 
the film was dry, the kinetics measurement was set for 30 min with continuous flow of D2O vapor. The 
spectrum was taken once more after 2 and 3 hours from the beginning of the experiment. The cell was 
then purged with H2O vapor for 30 min and dried with N2 gas. High resolution spectra were taken with 
512 scans for the film in dry state, after 30 min, 2 and 3 hours of D2O exchange, after 30 min of H2O 
exchange and after final redrying. Kinetics measurement was done for 30 min with a sampling interval 
of 1.44 sec and 8 scans per sampling. For all data collection, the spectral resolution was set to 2 cm-1. 
ATR correction was performed using OMNIC (Thermo Scientific proprietary software). The kinetic 
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analysis, including background subtraction and peak integration, was performed in custom written 
Matlab (The Mathworks Inc.) scripts.  
Neutron reflectometry (NR). Adsorption of the E�mannans was studied with NR on the spin-coated 
d-cellulose surface. In specular neutron reflectometry, a neutron beam is directed towards a substrate
and the intensity of the radiation reflected at the same angle as the incident beam angle is measured as
a function of the scattering vector Q (see Eq. 1)

Q =  ସ஠
஛బ

sin(θinሻ (1) 

where 𝜆଴ is the neutron wavelength and 𝜃௜௡  is the angle of incidence.
Measurements were performed at Australian Nuclear Science and Technology Organization (ANSTO) 
on the Platypus reflectometer over a Q - range of 0.001 – 0.4 Å-1 and at ISIS Rutherford Appleton 
laboratory on the POLREF reflectometer over a Q - range of 0.0085 – 0.25 Å-1. 
The specular reflectivity of the bare silica surface in deuterated (D2O), protonated (H2O) and contrast 
matched silicon (CMSi) buffer was measured versus Q, after which the substrate was covered with a 
cellulose layer by spin coating, as described above, and the layer was characterized in all three solvent 
contrasts. The E�mannan sample in D2O buffer was then injected and left for 1 hour to adsorb, after 
which, NR curves were measured after rinsing with D2O-,  CMSi- and H2O-based buffers, respectively. 
The reduced data was evaluated with the Motofit software, which uses the Abeles matrix method to 
calculate the reflectivity from a stratified interfaces.25,26 The best fit for the reflectivity curves of the 
cellulose films was obtained with a model containing the following layers: SiO2-(Cellulose0)-
Cellulose1-Cellulose2. The model to fit the reflectivity curves of the cellulose layer with the adsorbed 
E�mannan polysaccharides consisted of SiO2, modified Cellulose1 and Cellulose2 layers (to account 
for hemicellulose penetration) and an extra layer representing adsorbed hemicellulose (Layer 3). 
The adsorbed amount (Γ) of the hemicellulose on the cellulose films was calculated using Eq. 2 

Γ = Φ∙୘
V౦

(2) 

where Φ is the volume fraction of hemicellulose in the film, T is the layer thickness and V୮ is
the partial specific volume (V୮ of cellulose acetate = 0.68 was used here).

Results and Discussion 

Morphology of the cellulose films in air and liquid environments 

Spin-coated cellulose films were imaged using AFM in non-contact mode in air. A typical image is 
presented in Figure 1 and shows that the film consists of cellulose microfibrils randomly arranged on 
the surface. The height profile of the cellulose fibril layer reaches a maximal value of 12 nm in height 
with the root mean square (rms) surfaces roughness of 3.6 nm and shows that the layer uniformly covers 
the surface. Similar topography has been observed for films prepared with microcrystalline cellulose 
dissolved in the DMAc/LiCl solvent system but for these layers a higher rms surface roughness was 
observed.27 Dissolving grade pulp solubilized in a similar solvent has been reported to create a non-
fibrillar spherically shaped topography.28,29 
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Figure 1. AFM topography profile of a spin-coated d-cellulose layer on silicon imaged in air (left) and in liquid (right). 

The fibrillar network is less pronounced once the cellulose film is submerged into water due to a 
substantial swelling of the cellulose (Figure 1). The height profile of the fibril layer shows a similar 
maximum height, but significantly different lateral dimensions. Swelling of the cellulose fibrils also 
resulted in a higher rms surface roughness (4.3 nm) as compared to that of the dry film. 

ATR-FTIR of deuterated and non-deuterated bacterial cellulose 

The spin-coated cellulose films were characterized using ATR-FTIR in order to reveal the crystallinity 
of the cellulose. For this purpose, the substrates with cellulose layers were exposed to a saturated D2O 
and H2O vapor environments in order to determine the amount of non-exchangeable -OH groups. The 
cellulose sugar unit ring contains three -OH groups at C(2), C(3) and C(6), with protons that are easily 
exchangeable with deuterium atoms provided that cellulose chains are entirely amorphous. In 
crystalline regions, these groups are not accessible to the solvent and this property can be used to 
evaluate cellulose crystallinity.30–32  
Figure 2 presents FTIR spectra of the spin-coated bacterial d-cellulose (d-BC) and non-deuterated 
(h-BC) cellulose film under different conditions. The spectra recorded under dry conditions represent 
the initial state of the spin-coated films, in which two main regions can be observed: an -OH stretching 
band between 3600-3200 cm-1 and the cellulose fingerprint region at 1550-900 cm-1, which comprises 
bands resulting from the stretching vibrations of C-C, C-O, skeletal and ring vibrations.33–36 The peak 
observed at 2900 cm-1 in the dry h-BC spectra corresponds to C-H stretching. This peak is absent in the 
d-BC spectra, which contains a signal between 2100 cm-1 arising from C-D stretching instead.37 Once
the film was exposed to a D2O vapor, the -OH signal decreased and simultaneously a new band at
around 2500 cm-1 appeared, that corresponds to -OD elongational vibrations. The spectra in Figure 2
demonstrate that, although, the intensity of the -OH peak in both deuterated and non-deuterated film
decreased significantly, it did not disappear completely.
Once there were no further changes in -OH and -OD signal intensities, the D2O vapor in the FTIR cell
was replaced with H2O vapor. The presence of free water molecules in the cellulose film is evident from
the appearance of a new peak at 1635 cm-1. Along with the water signal, an increase in -OH and decrease
in -OD peak intensities were observed. Surprisingly, the -OD signal did not disappear completely and
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persisted even after redrying. This phenomenon of the resistant -OD groups has been widely reported 
in literature and is believed to occur due to recrystallization during drying and wetting cycles. 32,35,38,39  

Figure 2. FTIR spectra of h-BC (a) and d-BC (b) films in air (dark blue), in D2O vapor after 30 min (dark red), in D2O vapor 
after 2 hours (dark grey), in H2O vapor (green) and redried (light grey). 

The kinetic behavior of the exchange between -OH and -OD groups in the spin-coated cellulose layers 
was followed during the first 30 min of the reaction. Figure 3 shows the change in the -OH groups with 
time in both deuterated and non-deuterated cellulose films. It was assumed that the exchange rate 
followed a pseudo-first-order kinetics40  

ln ቄሾ୓ୌሿ𝑡
ሾ୓ୌሿబ

ቅ = −𝑘𝑡 (2) 

where [OH]0 is the initial area of the -OH peak and [OH]t is the area of the signal at a time point t. 
The profile of the kinetic curves of the two cellulose films appeared very similar with the most rapid 
exchange happening during the first 1-2 minutes of the reaction, after which it slowed down 
considerably and continued to decrease throughout the whole experiment at a much lower rate until it 
completely stopped after 2 hours.  

Figure 3. The change in the area of the -OH peak with time in h-BC (blue circles) and d-BC (black circles). Red lines represent 
fits to the exponential decay. 

Generally, the exchange process has been described by a two-step model, wherein the exchange first 
occurs in the amorphous regions. Depending on the sample and the setup conditions, the time for this 
process may vary from 15 min to a couple of hours. The second step may take up to several days since 
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the exchange occurs with less accessible parts of the layer like the surface of the crystallites or at 
irregularities.32,35,40–42  Hishikawa et al. suggested that every region where the kinetic curve follows a 
straight line corresponds to a domain in the cellulose film with a distinct exchange behavior.40 The 
curve in Figure 3 can be fitted with two exponential decays suggesting a presence of two distinct regions 
as described above. The initial exchange is faster in the d-BC film suggesting a less crystalline character. 
The amount of the exchanged -OH groups (rOH) was estimated using Equation 343–45 

𝑟ைு = ଵ.ଷସ∙𝐴ೀವ
ଵ.ଷସ∙𝐴ೀವା𝐴ೀಹ

     (3)

where 𝐴ை஽ and 𝐴ைு are the integrated areas of the signals between 2260-2700 cm-1 and 3050-3680
cm-1, respectively. Based on this calculation, the proportion of the -OH groups, that are accessible, is
73% in the deuterated cellulose film and 61% in the h-BC film. This result supports the observations
from the kinetic measurements, which showed a more rapid exchange in the d-BC film. Considering
that the replacement of protons by deuterium in the backbone of cellulose does not affect the molecular
and morphological properties of cellulose,37 the difference in rOH between the deuterated and non-
deuterated cellulose film should arise solely during the cellulose dissolution or spin-coating step.
Bacterial cellulose is known to be highly crystalline, with chains arranged in a parallel manner
characteristic of cellulose I, which has previously been reported to have 6% to 21% accessible -OH
groups depending on the reaction conditions.32,37 In this work, however, the crystalline network of
cellulose fibers has been disrupted to  achieve complete dissolution, therefore a higher amount of the
accessible -OH groups is expected. Shanshan et al. found that, by solubilizing bacterial cellulose in N-
Methylmorphine-N-oxide monohydrate (NMMO), the crystallinity of cellulose decreases from 79% to
38%.46 Even though a different solvent system was used in this study, a similar level of crystallinity
after dissolution was observed.

Figure 4. Schematic representation of inter- and intramolecular hydrogen bonds in two parallel cellulose chains. 

The -OH stretching signal consists of overlapping bands arising from intramolecular O(2)H···O(6) at 
3460 cm-1, O(3)H···O(5) at 3340 cm-1 and intermolecular bond O(6)H···O(3) at 3230 cm-1 (see 
Figure 4).35,38 Figure 5 shows difference spectra derived from the first time point and the following 
points in the kinetics measurement.  
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Figure 5. Change in difference spectra of h-BC (a) and d-BC (b) films in D2O vapor with time with a step of 3 min. 

As soon as D2O vapor penetrated the film, in both deuterated and non-deuterated cellulose, the exchange 
began on the intramolecular bond O(2)H···O(6) and continued until the end of the experiment. The 
exchange at O(3)H···O(5) bond was less active and started later in the reaction. The least affected bond 
seems to be the intermolecular O(6)H···O(3) bond. The fact that most of the exchange happens on the 
intramolecular bonds has been observed before by Hofstetter et al.35 Even though O(6)H···O(3) is an 
interchain bond and therefore has a weaker character, -OH groups at O(2) are more reactive.47–49 

Structure of the cellulose films probed by NR 

The spin-coated cellulose films were further characterized with neutron reflectometry using three 
isotopic contrasts: D2O, H2O and CMSi (SLD = 6.35x10-6, -0.55x10-6 and 2.07x10-6 Å-2, respectively). 
First a bare silicon substrate was characterized in three contrasts and the data fitted to a model consisting 
of a SiO2  layer (SLD=3.47x10-6 Å-2). The simultaneous fit of the model to data recorded in three solvent 
contrasts, allowed accurate determination of the substrate’s properties. The results obtained from the 
fitting of the bare silicon substrate can be found in Table S1 (ESI).  
Considering that every glucose unit in the cellulose backbone contains three exchangeable hydrogens, 
the expected SLD of d-cellulose in D2O is 6.85x10-6 Å-2 resulting in a poor contrast in D2O. This is 
apparent from Figure 6, where the reflectivity profile of the bare silica and the spin-coated d-cellulose 
in D2O almost fully overlap.  
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Figure 6. Neutron reflectivity as a function of momentum transfer (Q) of bare silica surface (filled symbols) in D2O (dark red 
rectangle), H2O (dark blue circle), CMSi (dark green rhombus) and d-cellulose surface (empty symbols) in D2O (pink 
rectangle), H2O (light blue circles), CMSi (light green rhombus). Solid lines represent the fit to the data. The inset illustrates 
the scattering length density (SLD) profiles as a function of distance from the Si surface. 

As for the bare silica, a multilayer slab model was applied and fitted simultaneously to data from d-
cellulose measurements in three isotopic solvent contrasts. The multilayer model used for the cellulose 
film consisted of two layers, as this was found to give a better fit than a single layer (see Figure 7). The 
two layer model has previously been applied before to describe bacterial cellulose films.50 For one of 
the samples, sample 2 (see Table 2), using a model with an additional layer (layer 0), i.e. a three layer 
model, significantly improved the goodness of the fit. The 6 Å thick layer 0 for this sample, next to the 
silicon surface, was found to be dense and to include about 4% of trapped H2O that is non-exchangeable 
in different contrasts, possibly due to remaining water from the drying step in the film preparation. 
Cellulose is a hydrophilic polymer that accumulates a large amount of moisture from the surrounding 
environment. The presence of bound water in cellulose samples even after extensive drying has been 
widely reported and investigated.51–53 

Figure 7. Schematic representation of the model used to fit the reflectometry data before and after hemicellulose adsorption 
on cellulose surface. 
Table 2 summarizes of the results obtained from the NR investigation of cellulose films before and after 
adsorption of hemicellulose (discussed in the following section). 
As it can be seen from the data presented in Table 2, layers 1 and 2 have very distinct features. The 
thickness of layer 1 (inner layer) ranges from 27 to 58 Å with a very low roughness that varies slightly 
between the samples. All of the samples, however, have a very high solvent content in layer 1 (above 
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75%). Extreme swelling behavior of cellulose in water has been widely reported in literature with up to 
89% of solvent uptake in the amorphous films.27,29,54–56 The DMAc/LiCl solvent system is known to 
achieve complete dissolution of the cellulose fibrils, therefore cellulose films prepared from such 
system often demonstrate the highest degree of swelling.29 It should be noted that the roughness of layer 
1 in sample 3 is much higher than that of the other samples, which can be attributed to the fact that it 
was prepared from a different batch of the cellulose solutions. 

Table 2. Thickness (T), solvent volume fraction (V) and roughness (R) of cellulose (C) layers before and after addition of the  
E�mannan-based polysaccharides obtained from the fitting of a two or three layer model to the NR data. Here SP is steam 
extraction and TMP is thermomechanical pulp galactoglucomannans, LBG* is 107 kD locust bean gum galactomannan and 
LBG is the corresponding higher molecular weight sample (556 kD), GG is guar gum galactomannan. 

Sample 1 2 3 4 5 

Layer Parameter C SP C TMP C LBG* C GG C LBG 

0 

T [Å] 6 

V [%] 4 

R [Å] 1 

1 

T [Å] 37 27 58 66 38 39 

V [%] 82 83 75 64 81 85 

R [Å] 1 0.3 37 20 2 1 

2 

T [Å] 74 83 87 98 94 103 66 72 78 100 

V [%] 69 21 72 55 72 67 72 54 73 67 

R [Å] 69 58 46 66 69 57 60 58 69 55 

3 

T [Å] 178 148 130 122 124 

V [%] 94 94 81 82 92 

R [Å] 34 45 65 65 43 

Layer 2 seems to be thicker and rougher than layer 1, with a slightly lower solvent content. Solvent 
gradients in the spin coated cellulose films have been reported in literature and could arise from 
molecular confinement or due to effects of the supporting surface.56 Based on these observations, it can 
be can speculated that spin-coated cellulose films have a thin and more crystalline inner layer next to 
the silica surface and a thicker outer layer with cellulose microfibrils extending into solution. The 
presence of more crystalline regions in the film next to the supporting surface is consistent with the 
ATR-FTIR showing that d-cellulose contains 27% inaccessible hydroxyl groups or 8% of all hydrogens 
in the cellulose structure. It is noteworthy that this layer has a high solvent uptake in spite of the relative 
crystallinity of the cellulose. However, water penetration between crystalline planes has been noted 
before in films prepared with cellulose nanocrystals.29 The overall thicknesses of the cellulose films 
vary from 10 to 15 nm. 
As it was mentioned above, the SLD of cellulose is different in D2O and H2O contrasts, due to the 
exchangeable hydrogens in the structure. The expected SLD of d-cellulose is 6.85x10-6 Å-2 and 
5.33x10-6 Å-2 in D2O and H2O, respectively. However, the model fit was quite poor when the SLD 
values were fixed to the theoretical ones, therefore, the SLD values were also fitted within a reasonable 
margin. Table 3 shows a summary of the obtained SLD values of d-cellulose in different samples from 
the fit in various contrasts. It should be noted that the cellulose film in sample 3 was only characterized 
in CMSi and H2O contrast due to time constraints.  
The obtained SLD values for d-cellulose in D2O are slightly lower than the theoretical ones indicating 
that the layer contains up to 10% of non-exchanged hydrogens. This observation should be taken with 
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caution since the layer is almost completely matched out in the isotopic solvent, but it should be noted 
that a similar result was obtained with ATR-FTIR. 
As opposed to the D2O contrast, the SLD values of cellulose layer in H2O are slightly higher than the 
theoretical ones. According to the fitting results, both the inner and the outer layer contain non-
exchangeable deuterium atoms as it has also been observed in the ATR-FTIR spectra (Figure 2). 

Table 3. Scattering length density (SLD) of d-cellulose obtained from fitting the neutron reflectivity curves of layer 1 and 2 in 
d-cellulose films (1-5) in D2O, H2O and CMSi.

Sample Layer 1 Layer 2 
D2O CMSi H2O D2O CMSi H2O 

1 6.78 6.8 5.62 6.84 5.39 5.67 

2 6.54 6.44 5.74 6.77 6.74 5.49 

3 6.7 5.62 5.31 5.76 

4 6.76 6.77 5.41 6.81 5.36 5.82 

5 6.32 6.54 5.75 6.83 5.33 5.72 

Hemicellulose adsorption to cellulose films 

Figure 8 shows neutron reflectivity curves of the d-cellulose films before and after addition of 
E�mannan-based polysaccharides in H2O and CMSi citrate buffer. The largest difference can be seen 
in the H2O isotopic contrast, however small shifts are also noticeable in the CMSi contrast. Initially, a 
model with an intact cellulose layer and an added hemicellulose layer was used to fit the data, however 
this gave a poor fit to the data for all of the samples. Upon noting that the AFM images in Figure 1 
indicate a fairly open structure in the cellulose layer, the reflectivity data was fitted to a new model that 
allows the penetration of hemicellulose into the outer layer of the cellulose film. In the case of sample 
3, the hemicellulose even reaches even the inner layer of cellulose due to a high roughness of the 
cellulose film.  
It was observed that all of the E�mannans penetrate the outer layer but not the inner layer of the cellulose 
film (with the exception of sample 3), possibly due to the presence of crystalline regions (Table 2). As 
the hemicellulose penetrates cellulose, the layer becomes thicker and denser, which can be noted from 
the increased volume fraction of polysaccharides in the layer. The added layer (layer 3), however, 
contains an extremely high amount of solvent (81 - 94%). Similarly high hydration has been previously 
observed with these types of E�mannans on hydrophobic surfaces.17  
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Figure 8. Neutron reflectivity as a function of momentum transfer (Q) of d-cellulose surface (filled circles) in H2O (black), 
CMSi (dark red) and the layer with adsorbed hemicelluloses (empty circles) in H2O (gray), CMSi (light red). Solid lines 
represent theoretical fit. The inset illustrates the scattering length density (SLD) profiles as a function of distance from the Si 
surface. 

The amount of hemicellulose present in each of the cellulose layers was determined from the calculated 
SLD of the layers (the results are summarized in Table 4). The total adsorbed amount of the E�mannans 
varies from 3.3 to 6.6 mg m-2. The adsorption does not follow a general trend according to the molecular 
weight or branching degree. It is interesting to note that the highest adsorbed amount was obtained for 
SP, which has both the lowest molecular weight and galactose substitution degree. A E�mannan 
backbone with lower degree of galactosylation could potentially lead to more favorable cellulose 
interaction.57 Perhaps more important in the current case, the SP mannan is smaller in size and less rigid 
compared to the other hemicellulose samples. SP molecules were, therefore, able to penetrate the 
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cellulose layer more easily. TMP, with a slightly larger molecular weight but a significantly higher 
galactosylation, adsorbed to a much lower extent. The lowest adsorbed amount was obtained with LBG, 
which has the highest molecular weight among the studied E�mannans, but a similar galactose 
substitution degree to TMP and LBG*. This observation indicates that TMP and SP molecules, with 
much lower molecular weights, are able to penetrate smaller pores in the cellulose films, resulting in a 
higher adsorbed amount. However, the adsorption of LBG* is slightly higher than that of TMP despite 
the larger molecular weight. This could be attributed to the difference in the cellulose films. The higher 
roughness and thickness of the cellulose film in sample 3 allowed a deeper penetration of LBG*. Once 
the adsorbed amount was divided by the cellulose layer thickness (Normalized Γ), it can be observed 
that there is a decrease in the adsorbed amount with increasing molecular weight of hemicellulose 
(except for GG). These results confirm our hypothesis that molecules with smaller dimensions are able 
to occupy a larger area as they penetrate the cellulose layer. The second highest adsorbed amount was 
obtained with GG, the most extensively substituted mannan and with a relatively large molecular 
weight. The adsorption of GG does not follow the trend observed with the other samples possibly due 
to the high sample polydispersity or the properties of the spin-coated cellulose layer. 

Table 4. SLD of the layers after addition of hemicellulose obtained from the fitting of NR data. The calculated adsorbed 
amount of hemicellulose in each layer (Γுሻ, and the total and normalized adsorbed amount of the hemicellulose, as well as the 
normalized adsorbed amount of the cellulose layer  (Γ௖ሻ are also presented here. 

Layer Parameter SP TMP LBG* GG LBG 

1 
SLD [10-6 Å-2] 4.50 

𝚪𝑯  [mg m-2] 1.0 

2 
SLD [10-6 Å-2] 3.49 3.52 5.12 3.55 4.09 

𝚪𝑯  [mg m-2] 5.4 3.4 0.8 2.7 2.0 

3 
SLD [10-6 Å-2] 2.74 2.51 2.56 2.65 2.44 

𝚪𝑯  [mg m-2] 1.2 1.1 2.9 2.6 1.2 

Total 𝚪𝑯 [mg m-2] 6.6 4.5 4.7 5.3 3.3 

Normalized total 𝚪𝑯 [kg m-3] 89 52 50 80 42 

Normalized 𝚪𝑪 [kg m-3] 116 41 39 41 40 

In our previous work, where the adsorption of these types of hemicelluloses on the spin-coated 
microcrystalline cellulose films was investigated, we have demonstrated that molecules with larger 
molecular weight yield a higher adsorbed amount. However, the hemicellulose concentration used 
(0.02 mg mL-1) was significantly lower than that used in the current study (0.6 mg mL-1). This indicates 
that the hemicellulose concentration was not high enough to saturate the porous cellulose films. We can 
speculate that the adsorption of hemicellulose on cellulose surfaces follows contrasting tendencies. In 
the low concentration regime, the adsorption of small molecules is less favorable due to a loss in 
translational entropy. In the high concentration regime, on the other hand, small polymers adsorb more 
rapidly to avoid the loss in conformational entropy of large species.58 The effect is even more 
pronounced here due to the porous nature of the cellulose surface, which acts as a filter, restricting the 
penetration of large molecules into the layer.  

Conclusions 

In this study we used ATR-FTIR in a D2O environment to show that the spin-coated bacterial d-
cellulose films recrystallize on the surface with around 8% of inaccessible hydrogens. These findings 
are also confirmed by neutron reflectometry measurements, which demonstrate that the limited 
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exchange also leads to the entrapment of deuterium atoms in the cellulose layer. The neutron 
reflectometry data showed that the spin-coated layers were 10-15 nm thick with a gradient of solvent 
penetration. Cellulose films seem to have more crystalline regions closer to the silicon oxide substrate 
surface with a slightly higher solvent content, compared to the outer layer, that is possibly caused by a 
solvent penetration and accumulation between the crystalline planes. The adsorption experiments have 
revealed that hemicellulose penetrates the amorphous cellulose outer layer, which confirms a strong 
affinity between these two polysaccharides. The penetration was found to be dependent on the 
molecular weight of the hemicellulose, with the highest adsorbed amount obtained for the sample with 
the lowest molecular weight. The adsorption, however, might have been affected by the increased 
rigidity of chains with higher galactose substitution degree.  
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Table S1 Thickness (T), solvent content (V), scattering length density (SLD) and roughness (R) of silicon oxide 
layer obtained from fitting neutron reflectivity curves of bare silica substrates presented in Figure S1 measured 
in three isotopic contrasts 
 

Sample 1 2 
T [Å] 10.1 10.3 
V [%] 0.2 1.25 

SLD [10-6 Å-2] 3.47 3.47 
R [Å] 3.2 1.4 
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Abstract 

The colloidal stability of lipid based cubosomes, aqueous dispersion of inverse bicontinuous 
cubic phase, can be significantly increased by a stabilizer. The most commonly used are non-
ionic tri-block copolymers, poloxamers, which adsorb at the lipid-water interface and hence 
sterically stabilize the dispersion. One of the challenges with these synthetic polymers is the 
effect on the internal structure of the cubosomes and the potential toxicity when these 
nanoparticles are applied as nanomedicine platforms. The natural polysaccharide, softwood 
hemicellulose, has been proved to be an excellent stabilizer for oil-in-water emulsions, partially 
due to the hydrophobic lignin which to some extent is associated to hemicellulose. 
Herein, we reported for the first time cubosomes stabilized by two types of softwood 
hemicelluloses, where one is extracted through thermomechanical pulping (TMP, low lignin 
content) and the other from sodium-based sulfite liquor (SSL, high lignin content). The effect 
of the two hemicellulose samples on the colloidal stability and structure of GMO-based 
cubosomes have been investigated via DLS, SAXS, AFM and cryo-TEM. The data obtained 
suggest that both types of the hemicelluloses stabilize GMO based cubosomes in water without 
significantly affecting their size, morphology and inner structure. SSL-extracted hemicellulose 
yields the most stable cubosomes, likely due to the higher content of lignin in comparison to 
TMP-stabilized ones. In addition, the stability of these particles was tested under physiological 
conditions relevant to possible application as drug carriers.  
 

 

Keywords 

Cubosomes; stabilizer; hemicellulose; lignin  
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Introduction 

Non-lamellar Lipid Liquid Crystalline Nanoparticles (LLCNPs) have been widely studied in 
the last decades due to their intriguing structure and morphology. Examples of these kind of 
aggregates are cubosomes,1,2 hexosomes2,3 and the dispersion of sponge phase 
(spongosomes).4,5 
Cubosomes are dispersions of an inverse bicontinuous cubic phase in which a curved non-
intersecting bilayer forms two continuous and unconnected system water channels. The curved 
bilayer can be described by an infinite periodic minimal surface (IPMS), such as the primitive 
(Im3m), the gyroid (Ia3d) and the double-diamond (Pn3m). Monoolein (GMO) and phytantriol 
are among the most studied lipids that form cubic phase,1,6 nevertheless other lipids can be 
adopted to formulate the particles.7,8  
The preparation of the LLCNPs is based on a top-down, bottom-up or microfluidic approach. 
Lipid Liquid Crystalline (LLC) cubic bulk phase can be fragmented with e.g. homogenization 
involving high-energy input often with the help of an emulsifier. The most common bottom-
up method yields the aggregates via dissolution of the lipid components in solvent and 
thereafter mixing of the lipid solution with an aqueous solution of additives to obtain the 
dispersion.  
Colloidally stable cubosome dispersions require a stabilizing agent, such as tri-block 
copolymers, to a larger extent than their lamellar counterpart, liposomes. Here, poloxamers 
(poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)), i.e. Pluronics F127 and 
F108, are the most common stabilizers, where the hydrophobic PPO moiety interacts with the 
lipid bilayer and the PEO units form a hydrophilic corona that prevents NPs from aggregating. 
The biocompatibility and biodegradability of the components of the formulations are crucial 
parameters for application of cubosomes in drug delivery and imaging.9–14 Although the 
GMO-based carriers are less cytotoxic compared to those based on phytantriol,1,6 the intrinsic 
cytotoxicity of the stabilizer could prevent the application of the system.15 Therefore, 
stabilizing the cubic dispersion and at the same time providing a “safe” formulation can be 
challenging.  
Recently, a polyphosphoester (PPE) tri-block copolymer, a structural analog of Pluronic F127, 
was shown to be able to stabilize GMO-based cubosomes.16 Biocompatibility assay on Human 
umbilical vein endothelial cells (HUVEC) and blood cells showed that the PPE-stabilized NPs 
were less cytotoxic at the same concentration in comparison to the cubosomes stabilized with 
Pluronic F127. These new formulations were also shown to have less tendency to activate the 
complement system, which our body employs to remove anything foreign from the blood 
stream. 
The cytotoxic effect can be reduced by mimicking natural molecular structures and thereby 
improving the efficacy of the therapy. For this reason, natural polysaccharides are of great 
interest as potential nanoparticle stabilizers. In addition, they can remain functional as 
stabilizers over a relatively broad range of temperatures and pH. However, lack of clear and 
structured amphiphilic character brings a variety of challenges to the table. Several studies have 
been published where monoolein cubosomes have been stabilized by different polysaccharides 
like starch and cellulose.17–19 These polysaccharides were, however, modified by introducing 
hydrophobic groups in their structure. This is a promising alternative to commonly used 
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Pluronic F127 that is believed to have some unwanted physiological side effects when ingested 
or inhaled,19 and also has shown to affect the internal structure of monoolein based cubosomes. 
Here we have explored the stabilizing potential of hemicellulose that along with cellulose and 
lignin is one of the main polymer constituents of plant cell walls. Hemicelluloses are 
heteropolysaccharides that vary in structure and size depending on the plant type. Lignin, on 
the other hand, is a highly hydrophobic group of aromatic polyphenol compounds that are 
strongly associated with hemicelluloses and help to provide mechanical strength to the cell 
walls.20 Hemicelluloses have been shown to have excellent emulsifying properties in several 
applications.21–26  
The chemical composition of hemicellulose is dependent on the plant type and is often affected 
by the extraction method. A great variety of methods have been developed in order to obtain 
high purity extracts. However, one of the biggest challenges still remains the removal of lignin 
since it is covalently bound to hemicellulose sugar groups via glycosidic, ester or ether bonds.25 
Interestingly, when it comes to stabilizing oil in water emulsions, lignin plays an impartial role 
as it is believed to interact with the hydrophobic moiety of lipids and anchor hemicellulose 
chains on the interface. Hemicellulose in turn provides steric stabilization mechanism due to 
chains with high molecular weight.  
The most abundant hemicellulose in spruce and pine is galactoglucomannan (GGM). It 
accounts for 25 – 35 % of dry wood mass.27,28 Galactoglucomannans, often acetylated, have a 
linear (1ĺ4)-linked ȕ-D-mannopyranosyl (Manp) backbone partially substituted with (1ĺ4)- 
linked ȕ-D-glucopyranosyl (Glcp) units and Į-galactopyranosyl (Galp) side groups that are 
(1ĺ6)-linked to the backbone.29,30  
In this study, we investigate the ability of two different softwood hemicellulose preparations 
to stabilize monoolein cubic nanoparticles. One is the TMP (thermomechanical pulping) 
hemicellulose, which has been isolated from thermomechanical pulp and contains a very low 
amount of lignin, whereas the SSL (spent-sulfite-liquor) preparation originates from a sodium-
based sulphite liquor with high lignin concentration. The effect of these stabilizing agents on 
the structure, morphology and colloidal stability of the lipid based cubosome was studied in 
order to identify their possible application as components to prepare future drug carriers. 
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Experimental section 

Materials 

The main component of the cubosomes, glycerol monooleate (MO, 1-monooleoylglycerol, 
RYLO MG 19 PHARMA, 98.1 wt% monoglycerides) was kindly provided by Danisco A/S 
(Denmark). Fresh distilled water purified using a Milli-Q® Water Purification system 
(MerckMillipore, Darmstadt, Germany) was used for preparing each sample and it was 
filtered with a 0.22 Pm pore size hydrophilic filter prior to any use. Chloroform (99.8% purity) 
and phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich (0.01 M 
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride). 
The TMP hemicellulose sample was obtained from Stora Enso Kvarnsvedens bruk 
(Kvarnsveden, Sweden) and was purified by filtration and anti-solvent precipitation as 
described by Thuvander et al.31 and Zasadowski et al.32 The sample was characterized 
according to the National Renewable Energy Laboratory (NREL) procedure.33 The SSL 
hemicellulose sample was provided by Domsjö Fabriker (Örnsköldsvik, Sweden) which was 
further ultrafiltrated and the components used in the study were  precipitated with acetone. 
Details of the extraction procedure and analysis can be found at Al-Rudainy et al.34 Table 1 
shows a summary of the main components present in each of the samples. 
Table 1. The chemical composition of the TMP and SSL hemicellulose extracts shown as weight percentage of total dry solids 
(TDS).34 Acidic components were not determined for TMP extract indicated as n.d. 

 Wt % of TDS 

 TMP SSL 

Ash 0 2.02 

Lignin 1.26 7.3 

Carbohydrates 

Arabinose 0 1.11 

Galactose 10.4 18.7 

Glucose 8.8 14.85 

Xylose 4.7 7.05 

Mannose 76 30.78 

Cellobiose n.d. 1.14 

Lactic acid n.d. 1.68 

Acetic acid n.d. 3.99 

Formic acid n.d. 1.63 

Levulinic acid n.d. 2.17 

Furfural n.d. 1.25 

Hydroxymethylfurfural n.d. 0.62 
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Methods 

Sample preparation 

Cubosome formulations were prepared by first dissolving 10 mg of monoolein in 1 mL of 
chloroform in a vial. The chloroform was then evaporated under a gentle stream of nitrogen to 
yield a lipid film, which was left to dry under vacuum overnight at room temperature to remove 
any trace of chloroform. 1 mL of GGM aqueous solution with a concentration of 3 mg mL-1 

was then added to the vial with the monoolein film. The sample was vortexed for a few seconds 
and left to equilibrate at room temperature for one hour. After that, the mixture was placed in 
an ice bath and sonicated with a tip sonicator (equipped with a controller Sonics Vibra Cells, 
both from Chemical Instruments AB, Sweden) for 15 min at 70% amplitude with 10 s pulses 
in 10 s intervals. The samples were characterized within 48 hours after preparation. 
 

Dynamic Light Scattering (DLS) and Electrophoretic Mobility (EM) 

Dynamic light scattering experiments were performed on a Zetasizer Nano ZS (Malvern 
Instruments Ltd, Worshestershire, UK) at a set angle of 173° using the non-invasive backscatter 
technology. The instrument was equipped with a 4 mW He-Ne laser with a 632.8 nm 
wavelength and an Avalanche photodiode detection unit. The electrophoretic mobility 
measurements were performed using M3-PALS technology at 13°. The obtained correlation 
functions were analyzed using the cumulants method available in the Malvern software. 
The cubosome formulations were diluted 500 times with either Milli-Q water or PBS buffer, 
placed in the Zetasizer measurement cell and equilibrated at 25°C for 2 minutes before starting 
the measurement. 
 

Small Angle X-ray Scattering (SAXS) 

SAXS measurements were performed at the SAXSLab instrument (JJ-Xray, Denmark) 
available at Lund University. The instrument was equipped with a 30 W Cu X-RAY TUBE for 
GeniX 3D and a 2D 300 K Pilatus detector (Dectris). The X-ray wavelength was 1.54 Å-1 and 
the sample-to-detector distance was 480 nm, yielding a q-range of 0.012 – 0.67 Å-1. The 
measurements were recorded at 25°C. The temperature was controlled using a Julabo T 
Controller CF41 from Julabo Labortechnik GmbH (Germany).  
The magnitude of the scattering vector is defined by q = 4 S /(O�sinT), where the wavelength O 
equals to 1.54 c, Cu KD wavelength, and T is half of the scattering angle.  
The repeat distance or d spacing was obtained using the following expression: 
 

𝑑 ൌ  ଶగ
௤

    (eq. 1) 

 
Then, the cubic phase lattice parameter (a) is given by eq. 2: 
 

𝑎 ൌ 𝑑 ∙ √ℎଶ ൅ 𝑘ଶ ൅ 𝑙ଶ  (eq. 2) 
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Here, h, k and l are the Miller indexes that describe the crystalline planes into the liquid 
crystalline lattice. The lattice parameter was used to estimate the water channel radius (rw) of 
the bicontinuous cubic phase (eq. 3)35: 
 

𝑟௪ ൌ ሺ𝑎 െ 𝑙ሻ ∙ ට ஺బ
−ଶగఞ

   (eq. 3) 

 
where Ȥ and A0 are the Euler characteristic and the surface area of the IPMS geometry (Pn3m, 
Ȥ = −2, A0 = 1.919), respectively, and l is the MO hydrophobic chain length at 25 °C (17 Å). 
The formulations in PBS buffer were prepared by diluting the aqueous stock of cubosome 
dispersion 10 times with the buffer. 
 

Cryogenic-TEM (cryo-TEM) 

A 4 ȝL drop of the formulations at the initial concentration was placed on a lacey carbon coated 
formvar grid (Ted Pella Inc, Redding, CA, USA). A thin film was then created by gently 
blotting the grid with a filter paper. After that the grid was prepared for imaging using an 
automatic plunge-freezer system (Leica Em GP, Leica Microsystems, Wetzlar, Germany). The 
environmental chamber was operated at 25 °C and 90% relative humidity to prevent 
evaporation from the sample. The specimen was vitrified by rapidly plunging the grid into 
liquid ethane (-183 °C) and the samples were stored in liquid nitrogen (-196 °C) and transferred 
into the microscope using a cryo transfer tomography holder (Fischione, Model 2550, E.A. 
Fischione Instruments, Inc., Corporate Circle Export, PA, USA). The grids were imaged with 
a Jeol JEM-2200FS transmission electron microscope (JEOL, Tokyo, Japan) equipped with a 
field-emission electron source, a cryo-pole piece in the objective lens and an in-column energy 
filter (omega filter). Zero-loss images were recorded with a bottom-mounted TemCam F416 
digital camera (TVIPS-Tietz Video and Image Processing Systems GmbH, Gauting, Germany) 
using SerialEM under low-dose conditions at an acceleration voltage of 200 kV. 
Gwyddion software36 was used to apply 2D Fourier transform filter to cryo-TEM micrographs 
and extract lattice parameter.  
 

Atomic Force Microscopy (AFM) 

AFM was performed with a Park XE—100 (Park Systems Corp., Suwon, Korea) in a non-
contact mode. Samples were probed in a liquid state under ambient conditions. A silicon 
cantilever with a 3 N/m spring constant and 75 kHz resonance frequency was used. The image 
analysis was done with the XEI software (Park Systems Corp., Suwon, Korea). A 
hydrophobized silicon wafer was covered with 90 ȝL of SSL-NPs formulation and left to 
adsorb for 4 hours before rinsing with Milli-Q water. The wafer with a drop liquid sample was 
then placed in the AFM liquid cell and Milli-Q water was added, after which the imaging was 
performed. The preparation was done in this way in order to avoid passing the sample surface 
film through the air/water interface. 
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Results and Discussion 

Preparation of the NPs and their bulk characterization 

Formulations stabilized by softwood hemicellulose extracted with two different methods were 
prepared and characterized in a similar manner using ultrasonication. This approach has been 
found effective to reduce the size of the aggregates and inducing a good size distribution.1,6 

After preparation, both formulations appeared homogeneous and milky, however the SSL-
stabilized solution was less translucent than the TMP-stabilized sample. The DLS and 
]-potential results, reported in Table 2, indicate that the formulations contain negatively 
charged, electrostatically stable particles of relatively low polydispersity.  
Table 2. Apparent average hydrodynamic diameter (dH), polydispersity index (PdI), derived count rate, as well as phase, lattice 
parameter (a) and water channel radius (rw) determined from the SAXS curves for the TMP and SSL formulations. 
Additionally, ]-potential and pH of pure TMP and SSL extract, as well as of TMP-NPs and SSL-NPs determined at 25 qC. 

Parameters TMP-NPs SSL-NPs TMP SSL 

dH r SD [nm] 151 r 1 152.2 r 0.9 - - 

PdI r SD 0.21 r 0.02 0.19 r 0.01 - - 

Derived count           
rate r SD 

940 r 3 2032 r 20 - - 

Phase Pn3m Pn3m - - 

a r SD [Å] 99.6 r 0.8 98.7 r 0.4 - - 

rw  r SD [Å] 21.9 r 0.3 21.6 r 0.1 - - 

]-potential [mV] -37.7 r 0.8 -49.5 r 0.6 -10 r 1 -14.8 r 0.2 

pH 6.39 6.52 6.44 6.58 

The ]-potential of the TMP- and SSL- stabilized cubosomes was -37.7 and -49.5 mV, 
respectively. Negative charge of the nanoparticles could partially be explained by a negative 
]-potential of their respective hemicellulose extracts (-10 and -14.8 mV for TMP and SSL, 
respectively). We note that the charge is highly dependent on the extraction method and the 
purity of the sample. Galactoglucomannans are neutral polysaccharides, the charge is believed 
to be caused by the presence of acidic groups.22 The amount of acidic groups present in the 
TMP sample was not determined, however, the SSL extract contains at least 10% as shown in 
Table 1. Interestingly, the apparent negative charge is a common feature of the GMO-based 
dispersions: this phenomenon is not fully understood, but it has been reported for other lipid 
formulations stabilized with non-ionic block-copolymers.16,37 A possible reason could be 
related to an adsorption of hydroxide ions at the lipid-water interface, resulting in a polarized 
outer layer surrounding the NPs and an apparent negative surface potential.38  
Dispersions formulated with both GGMs exhibited the same size, around 150 nm in diameter, 
with relatively low polydispersity. Similar size and polydispersity have been previously 
reported in literature for cubosomes stabilized with different kinds of polymers.11,16 The 
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intensity of the scattering from the dispersion of the SSL-stabilized NPs is more than twice as 
high (2032 r  20) as from the TMP-NPs formulation (940 r 3), indicating a larger number of 
particles present in the solution. This finding correlates with the less translucent appearance of 
the former sample.  
It has previously been shown that the presence of lignin in GGM strongly increases their 
capability in stabilizing oil in water emulsions.21,23–25 Lignin consists of phenolic compounds 
that are usually associated or even covalently bound to hemicellulose sugar units via glycosidic, 
ester or ether bonds.25 Due to their hydrophobic nature, phenolic residues interact with the 
hydrophobic part of the lipids and thus anchor bound hemicellulose chains that in turn provide 
steric stabilization of the oil/water interface. Consequently, a larger amount of nanoparticles in 
the sample could be stabilized by the SSL hemicellulose preparation, given its higher content 
of lignin. In addition, the SSL-NPs have a more negative ]-potential than the corresponding 
TMP-NPs. This could contribute to the electrostatic stabilization of the nanoparticles, although 
it has been suggested that emulsion stabilization with hemicellulose is mainly due to steric 
repulsion.39 
SAXS was used to reveal internal NP structure. Figure 1 shows SAXS data TMP- and SSL-
stabilized nanoparticles. Lyotropic GMO-based aqueous dispersions show a rich 
polymorphism depending on the water content.40 In excess of water, monoolein is expected to 
form a Pn3m cubic phase. The presence of a stabilizer can affect monoolein self-assembly as 
reported by e.g. Nakano et al.41 in cubosome dispersions stabilized by Pluronic F127. The 
interaction between the PPO lipophilic moiety of the stabilizer locally affects the organization 
of the lipid bilayer, giving two types bicontinuous cubic phases, Im3m and Pn3m, depending 
on the amount of added stabilizer. In the case of GGM-stabilized formulations, both of the 
SAXS curves have similar patterns with at least two clearly visible Bragg peaks, which 
corresponds to a Pn3m. This is highlighting that the GGM is covering the surface of the NPs 
without affecting the internal structure in water. This is in contrast to formulations stabilized 
with Pluronics. This finding represents a crucial point for a possible application of these 
aggregates as drug delivery systems. The diffusion coefficient of small hydrophilic molecules 
in Pn3m phase has been observed to be larger than in Im3m phase, which has been attributed 
to the higher porosity of the former.42 
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Figure 1. SAXS curves of the TMP (dark blue) and SSL (brown) nanoparticles. The scattering profile of the TMP was shifted 
upwards by a factor of 0.01 for clarity. The Miller indices for the Pn3m type of cubic phase are indicated for the corresponding 
Bragg peaks. The corresponding lattice parameters (a) and water channel radius (rw) of TMP-NPs and SSL-NPs are shown in 
Table 1.  

Lattice parameter and water channel radius could be determined from the position of the Bragg 
peaks in scattering curves. As reported in Table 2, formulations contain particles with a lattice 
parameter characteristic to Pn3m phase cubosomes equal to 99.6 Å and 94.7 Å for TMP- and 
SSL-NPs, respectively. 
These values of lattice parameters are in line with the ones already reported for Pluronic-
stabilized cubosomes, with no significant difference between the two types of hemicellulose 
stabilizers.11,43,44  
In order to assess the morphology of the aggregates, the samples were imaged with cryo-TEM 
and the results of the two different formulations are shown in Figure 2. In all of the 
micrographs, aggregates with a defined internal structure can be observed. In order to confirm 
internal structure of the nanoparticles, 2D Fourier transform filter was applied to the cryo-TEM 
images and lattice parameter was extracted. The Fourier transform filtered images of the 
cubosome internal structure are shown as insets in Figure 2. Obtained lattice parameters are 89 
Å for TMP-NPs and 110 Å for SSL-NPs which agrees well with values extracted based on 
SAXS patterns. 
The TMP-NPs sample contains 200 – 250 nm large cubosomes, in addition to fractal-like 
aggregates (Figure 2). Different types of softwood hemicellulose have previously been shown 
to assemble into similar structures and therefore the aggregates observed in Figure 2 can be 
attributed to the excess hemicellulose that is not incorporated in the cubic nanoparticles.45,46  
Additionally, the TMP-stabilized sample contains a small amount of vesicles that are 
approximately 150 nm large (Figure 2B).  
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Figure 2. Cryo-TEM images of TMP-NPs (A and B) and SSL-NPs (C and D) at 10mg mL-1 concentration incubated at 25 qC 
prior to blotting. The insets represent micrographs after applying 2D Fourier transform filter. 

Figure 2 (C, D) shows the cryo-TEM images of SSL-stabilized sample. This sample looks more 
homogenous without the presence of hemicellulose fractal structures. This indicates that most 
of the hemicellulose is associated with monoolein in the cubosomes. The cubosomes range in 
diameter from 50 – 200 nm that agrees well with the DLS results. Similar to the TMP-NPs, a 
low amount of vesicles is present in this sample as well (Figure 2D). 
Since at this concentration, monoolein gives a Pn3m cubic phase with excess water, the 
presence of vesicles in the sample confirms that hemicellulose interacts with the monoolein 
lipid bilayer. This result is not surprising, since other studies have highlighted the effect that 
stabilizers can have on the morphology of cubosomes.16,37,47,48 Here we note that in our study 
we observed a small or negligible fraction of vesicles.  
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Imaging of the nanoparticles on hydrophobic surface liquid AFM 

In addition to cryo-TEM, SSL-NPs were imaged with AFM on a hydrophobized silica surface 
in liquid mode in order to emulate their interaction with interfaces, which is relevant for 
delivery applications.49 As it can be seen in Figure 3, the nanoparticles are generally 30 - 60 
nm in height and 250 – 600 nm in diameter. The fact that the diameter is much larger than we 
have observed both with DLS and cryo-TEM, indicates that the cubosomes partly spread on 
the surface and adopt a flatter conformation. 
 

 
Figure 3. AFM images of SSL-NPs on hydrophobic silica in liquid obtained in tapping mode. 

 

Stability of the nanoparticles in water  

The shelf-life presents a critical feature of a formulation, therefore understanding the colloidal 
stability over time is fundamental in applying these aggregates as drug carriers. The cubosomes 
dispersion colloidal stability over time has been investigated by DLS and the results are 
summarized in Figure 4. Both formulations are stable in terms of apparent hydrodynamic 
diameter and polydispersity index for at least 42 days at room temperature. These results show 
that both TMP and SSL extracts are stabilizing the lipid-water interface is such a way that they 
provide colloidal stability of the dispersion and  preventing the system from flocculating. 
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Figure 4 Hydrodynamic diameter (circles) and polydispersity (triangles) over time of TMP-NPs (dark blue) and SSL-NPs 
(brown). 

Effect of physiological environment 

The application of cubosomes for drug delivery and other biomedical applications make their 
colloidal and structural stability in a physiological environment a crucial requirement. Indeed, 
pH and salt concentration can affect lipid self-assembly in terms of size, charge and structure.50 
Taking these factors into account, 10 mM phosphate saline buffer (PBS) pH 7.4 has been used 
to mimic the physiological environment. 
First, an aliquot of the formulations was diluted 500 times in PBS in order to follow the changes 
in the size and polydispersity of the nanoparticles under these conditions. The size of the 
nanoparticles of both formulations increases significantly (to 250 nm) at the start of the 
incubation but remains stable in case of SSL-NPs (Figure 5B). However, the size of the 
TMP-NPs continues to increase for the next two hours until it reaches 400 nm. The 
polydispersity is relatively stable in SSL-stabilized sample over the whole investigated time 
span, while it increases from 0.15 to 0.25 during the first 3 hours in the TMP-stabilized 
formulation. These changes might indicate aggregation of particles due to screening effect 
caused by increasing the ionic strength with the added buffer. 
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Figure 5. SAXS curves of TMP-NPs (blue) and SSL-NPs (brown) seen in A and change in hydrodynamic diameter (circles) 
and polydispersity (triangles) seen in B in PBS buffer. The scattering curve of the TMP-NPs was shifted upwards by a factor 
of 0.01 for clarity. 

Indeed, the electrophoretic mobility measurements showed that the negative potential has 
decreased significantly explaining the reduction of the cubosome colloidal stability, which in 
particular for TMP-NPs causes aggregation (see Table 3). 
Table 3. ]-potential of TMP-NPs, SSL-NPs, as well as TMP and SSL extracts in PBS buffer determined at 25 qC. 

Sample ]-potential r  SD [mV] 

TMP-NPs -0.9 r 0.4 

SSL-NPs -7.4 r 0.9 

TMP -1 r 2 

SSL -6 r 2 

 
The effect of PBS on the internal structure of the two GGMs stabilized cubosomes was 
evaluated through SAXS measurements. It has previously been reported that the change in 
ionic strength can trigger shift from one phase to another.51,52 
Figure 5A shows the scattering curves of the TMP- and SSL-stabilized samples after dilution 
in PBS buffer 0.1 times.  
The TMP-stabilized nanoparticles precipitated as soon as the buffer was added. The 
precipitation was observed with the SSL-stabilized sample as well, however to a lower extent 
and the sample still appeared milky after dilution. Indeed, the SAXS patterns confirm that the 
SSL-NPs retain Pn3m phase with no significant change in terms of lattice parameter and water 
channel radius after addition of the PBS buffer. The lattice parameter and water channel radius 
of the SSL-NPs in PBS buffer was 93.1 r 0.4 Å and 19.4 r 0.1 Å, respectively. On the other 
hand, the Bragg peaks completely disappear in case of the TMP-NPs indicating that it appears 
as the internal structure is at least partly lost. Partly this can be explained by the precipitation 
of the particles and hence a significantly lower number of particles. Similar tendency was 
observed with DLS: due to a much lower concentration, the aggregation of the TMP-NPs could 
not be monitored beyond a size of 400 nm.  
The fact that the SSL-NPs formulation is more stable at an elevated ionic strength might be 
due to the higher ]-potential as shown in Table 2. Moreover, a larger amount of monoolein is 
dispersed in the SSL-NPs sample than in the TMP-NPs one.  
 
Conclusions 

Softwood hemicellulose is an underutilized and abundant resource that can be used for a variety 
of applications thanks to its unique properties.23,26,53–55 Its application as a stabilizer has already 
been proven in previous studies for oil-in-water emulsions. Indeed, other hemicelluloses such 
as xylan have found application in several field, given their promising biological features.56 
The ability of two softwood hemicellulose extracts, with different amount of lignin, to stabilize 
monoolein-based cubosomes was demonstrated in this study, where the higher lignin content 
in the SSL-extract facilitated stabilization of a larger fraction of the dispersed lipid phase. The 
presence of the hemicellulose extracts did not affect the self-assembly structure of monoolein 
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in aqueous dispersions, giving a Pn3m bicontinuous cubic structure. Moreover, both 
formulations were stable over the period of at least 42 days with no significant changes in size 
or polydispersity. The results show that the physiological environment did not affect the 
structure for the SSL-stabilized cubosomes. 
Indeed, the SSL-hemicellulose provided a better colloidal stability in comparison with the 
TMP-extract. This study shows that hemicellulose can be used as natural substitute to Pluronics 
to stabilize lipid liquid crystalline nanoparticles. Further studies are needed to reveal the 
biological effect of these aggregates, hence in vitro investigations will be performed as a future 
perspective.  
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Abstract  

We here present a series of thermoresponsive glycopolymers in the form of poly(N-isopropyl 
acrylamide)-co-(2-[ȕ-manno[oligo]syloxy] ethyl methacrylate)s. These copolymers were prepared 
from ȕ-mannosyl acrylates that were synthesized through enzymatic catalysis, and were 
subsequently investigated with respect to their aggregation and phase behavior in aqueous solution 
using a combination of 1H NMR spectroscopy, dynamic light scattering, cryogenic transmission 
electron microscopy and small angle X-ray scattering. The thermoresponsive glycopolymers were 
prepared by copolymerizations of different mixtures of 2-(ȕ-manno[oligo]syloxy)ethyl 
methacrylates (with either one or two saccharide units) and N-isopropyl acrylamide (NIPAm) to 
tune the thermoresponsiveness. The results showed that at temperatures below the low critical 
solution temperature (LCST) of poly(NIPAm), the glycopolymers readily aggregate into nanoscale 
structures due to attractive interaction between sugar moieties. Above the LCST of poly(NIPAm), 
the glycopolymers rearrange into fractal and disc/globular aggregates. Cryo-TEM and SAXS data 
demonstrated that the presence of the ȕ-mannosyl pendant moieties in the glycopolymers induces 
a gradual conformational change over a wide temperature range which offers improved control of 
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temperature-dependent properties in comparison to poly(NIPAm) with a sharp coil-to-globule 
transition. In addition, the thermoresponsiveness can be conveniently tuned by varying the sugar 
unit-length and content of the ȕ-mannosyl acrylates.  

1. Introduction
Glycopolymers are synthetic biobased polymers that have sugar groups as pendant moieties. 

They have attracted great attention because of their function as biomimetic analogues of 
glycolipids and glycoproteins.1,2 Glycopolymers have affinity for specific proteins that are 
responsible for interactions at the cellular level which are the basis of important biological 
phenomena3,4. As such, glycopolymers can be used as biomaterials in drug delivery, tissue 
engineering, biosensors and medicine.5 Responsive polymers, are polymers that undergo 
conformational changes when exposed to an external stimuli (temperature, pH, light, etc.). This 
type of polymers are valuable in applications where such changes are advantageous under certain 
conditions6, for example in food, cosmetics7, paints, oil recovery8, as well as in biomedical 
applications for injectable hydrogels and controlled drug release.9,10 In particular, temperature 
responsive polymers undergo a lower critical solution temperature (LCST) transition, resulting in 
a conformational coil-to-globule transformation upon exceeding a certain temperature.11 At this 
temperature the polymer chain contracts as water becomes a poor solvent for the polymer.12  Hence 
the polymer changes its character from  hydrophilic to more hydrophobic, and is therefore prone 
to aggregation. One of the most widely studied thermoresponsive polymers is poly(N-
isopropylacrylamide) [poly(NIPAm)] due to its temperature dependent phase transition in aqueous 
solution at ~32 °C, close to body temperature.  The LCST behavior of poly(NIPAm) is frequently 
modulated by copolymerization with other hydrophilic or hydrophobic monomers such as 2-
hydroxy ethyl methacrylate (HEMA).13

Glycopolymers that can undergo conformational changes under certain conditions, such as 
changes in temperature are of great interest. Sugar moieties have previously been incorporated into 
thermal responsive glycopolymers.14±16  For example, thermoresponsive double hydrophilic 
diblock (TDHD) glycopolymers from poly(NIPAm) and an D-linked mannose-containing 
acrylate15 and galactose-functionalized have been reported.15 Recently, a set of temperature-
switchable glycopolymers from NIPAm and D-mannose ligands were chemically synthesized.17 
These remarkable glycopolymers are mostly based on glycomonomers that contain mono-
substituted pendant sugar units and have commonly been synthesized through multi-step 
pathways.  

We have previousl\ shoZn that ȕ-mannanases, a type of glycoside hydrolases, can catalyze the 
synthesis of 2-(ȕ-manno[oligo]syloxy) ethyl methacrylates (MnEMAs) (i.e., mannosyl-EMA 
[M1EMA] and mannobiosyl-EMA [M2EMA]) that were subsequently used to synthesize 
glycopolymers.18 The enzyme catalyzed synthesis of glycomonomers presents several advantages 
compared to traditional chemical synthesis, including the avoidance of cumbersome protection-
deprotection steps and of toxic chemicals, as well as the possibility to use low temperature.18

Although other glycopolymers containing enzymatically synthesized monomers (glycomonomers) 
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have been previously prepared2,4,19, our glycomonomers (MnEMAs) feature an equatorial (ȕ) 
linkage at the anomeric position with the acceptor and between mannose residues, making these 
monomers quite unique. This linkage occurs widely within plants, hemicelluloses and storage 
glycans but has been shown to be very difficult to synthesize chemically.20

In the present Zork the transgl\cos\lation capacit\ of the ȕ-mannanase TrMan5A was utilized 
for glycomonomer synthesis using locust bean galactomannan as donor glycan, providing a 
cocktail of functionalized acrylate monomers bearing one to three ȕ-mannose units in a one pot 
reaction in water at 37 °C.18 Subsequently we were able to separate and purify the different 
MnEMAs for polymer synthesis at microscale. We then used these monomers to synthesize 
thermoresponsive glycopolymers with NIPAm in conventional radical polymerizations in water at 
ambient temperature. In order to influence the solubility properties and the transition temperature 
of the copolymers in aqueous solution, we varied the molar fraction and the sequence of the sugar 
units. As mentioned above, MnEMAs are glycomonomers with a hydrophilic biodegradable 
mannosylated part and a polymerizable acrylate part. By incorporating the glycomonomers in 
copolymers with NIPAm, we expected to modulate the LCST thanks to the mannosyl moieties, 
concurrently increasing the biodegradability and biocompatibility. We then studied the 
thermoresponsive behavior of the glycopolymers using dynamic light scattering (DLS), combined 
with 1H nuclear magnetic resonance (NMR) spectroscopy, small angle X-ray scattering (SAXS) 
and cryogenic transmission electron microscopy (cryo-TEM).  

2. Experimental section
2.1 Materials 

Sodium acetate (molecular biolog\ grade), acetic acid, dieth\l ether (anh\drous, � 99.7%, Zith 
1ppm BHT as inhibitor), h\droquinone (HQ, � 99%), acetonitrile (ACN, � 99.9%, HPLC gradient 
grade), 2,5±dihydro benzoic acid (DHB), N-isopropylacrylamide (NIPAm), deuterated water 
(D2O), 2,2¶-azobis(isobutyronitrile) (AIBN), potassium persulfate (KPS) and N,N,N',N'-
tetramethylethylenediamine (TEMED), HPLC grade ethanol, 2,2¶-azobis(isobutyronitrile) 
(AIBN), diethyl ether, 2-hydroxyethyl methacrylate (HEMA) 97% containing 200 ppm 
hydroquinone (HQ) were all obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Low viscosity locust bean gum (LBG, >94% (dry weight basis)) was supplied by Megazyme 
(Bray, Ireland) (LOT 150901a) (galactose:mannose ratio, 24:76). 

All chemicals were used as received except for HEMA, which was passed through an alumina 
column prior to polymerization to remove the inhibitor.18   

TrMan5A 

GH5 ȕ-mannanase Man5A from Trichoderma reesei (TrMan5A) was prepared as previously 
described.21 An amount of 20 mg of freeze-dried enzyme was dissolved in 50mM Sodium acetate 
buffer (50mM), pH 5.3. The solution was concentrated thrice, from 10 ml to 0.2 ml, in Sartorius 
VivaSpin 20 columns with a 10 kDa cut-off (Sartorius, Göttingen, Germany), refilling the column 
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with fresh buffer between each concentration step. The concentration was performed at 4 °C, 5000 
rpm, 30 min, in VivaSpin 20 centrifugal concentrators (10000 MWCO PES membrane).  

2.2 Methods 

Synthesis of 2-(ȕ-manno[oligos]yloxy) ethyl methacrylates) [MnEMAs] 

Enzymatic synthesis of the target glycomonomers, MnEMAs, denoted with n=1 and 2 
respectively, was done using the method developed in our previous work, except the volume of 
the reaction was 500 ml instead of 50 ml.18 In short, the reaction was carried out in 500 ml 30 mM 
sodium-acetate buffer, pH 5.3. The donor substrate was galactomannan in the form of low viscosity 
locust bean gum (LBG) (3 w.v%) and the acceptor substrate, HEMA (20 vol%). The reaction was 
catal\]ed b\ 0.2 �M of the ȕ-mannanase TrMan5A at 37 °C, for 48 h, in a stirred, covered glass 
beaker, with intermittent sampling to enable reaction progression analysis. The glycomonomers 
were purified, screened, quantified and characterized using methods described previously.18  1H 
and 13C shift assignment has been extensively described previously.18 

Synthesis of poly(N-isopropyl acrylamide)-co-(2-[ȕ-manno[oligo]syloxy] ethyl 
methacrylate)s  [poly(NIPAm-co-MnEMA)s] 

A total of eight different polymers were prepared in solution via conventional radical 
polymerization as previously described18, three glycopolymers (P1M1-P3M1) based on M1EMA 
and two (P1M2 and P2M2) with M2EMA. Additionally, two reference samples were prepared, i.e. 
a homopolymer of NIPAm (PR1) and a copolymer of NIPAm and HEMA (PR2). Details of the 
experimental design of the polymerizations are found as supporting information (SI) part A and 
Table S1.  

The copolymers of NIPAm and MnEMAs (P1M1-P2M1 and P1M2-P3M2) and the 
homopolymer of NIPAm (PR1) were synthesized in D2O with KPS as initiator and TEMED as 
accelerator. The reactions were performed at room temperature in an NMR spectroscopy tube as 
previously reported.18  Sample PR2 was prepared in ethanol with AIBN as initiator at 60 °C similar 
to literature.22 Scheme 1 summarizes the synthesis of the glycomonomers and their subsequent co-
polymerization with NIPAm. 
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 Scheme 1. Synthesis of poly(NIPAm-co-MnEMA)s: (A) Enzymatic synthesis of ȕ-mannosyl acrylates 
(MnEMAs). (B) Radical co-polymerization of NIPAm and MnEMAs in D2O.  M1EMA: R=H and M2EMA 
R=ȕ-4,1-mannose. 

Two samples (P2M1 and P2M2) were nominally prepared with the same mass ratio of monomers 
(NIPAm:MnEMA) in order to compare the effect of the length of the sugar moieties given the same 
weight content in the synthesized copolymer.  Samples P1M1 and P2M1, on the one hand, and 
samples P1M2-P3M2, on the other hand, were prepared with the same glycomonomer (M1EMA 
or M2EMA, respectively) in different molar concentrations in order to investigate the effect of the 
comonomer ratio on the thermoresponsive behavior.  

Poly(N-isopropylacrylamide-co-2-[ȕ-mannosyloxy] ethyl methacrylate) [P1M1-P2M1] 
1H NMR (D2O, 500 MHz) chemical shift scale from residual HDO (į 4.77) į in ppm: 4.72* (s, 

H1m, C H), 4.54-3.53 (m, br, Hb, C H 2; Ha, C H 2; H2m, C H; H5, NဨC H (CH3)2; [H6m, H3m, 
H4m], C H), 3.32-3.42 (m, br, H5m), 1.29±2.35 (m, br, H1, C H 2 in main chain; He, C H 2; H2, 
C H in main chain), 0.8 ±1.29 (m, br, Hf, C H3; H6+H7, NဨCH (C H 3)2). 

*Assigned in spectra at 45 oC, HDO (į 4.60).
13C NMR (D20, 125 MH]) įC in ppm, chemical shift scale from the unified scale according to

IUPAC23:  175.2 (C3),  99.9 (C1m), 76.3 (C5m), 73.0 (C3m), 70.5 (C2m), 66.7 (C4m), 64.4 (Cb), 
61.0 (C6m), 41.7(C2), 34.7(C1), 21.22 (C6+C7) 

Poly(N-isopropylacrylamide-co-2-[ȕ-manno(bio)syloxy] ethyl methacrylate) [P1M2-
P3M2] 

1H NMR (D2O) chemical shift scale from residual HDO (į 4.77) į in ppm: 0.96±1.29 (m, 
H6+H7, NဨC H (CH3)2), 1.29±1.90 (m, H1, C H 2 in main chain), 1.90±2.29 (m,H2, C H in main 
chain), 3.79±4.12 (m, H5, NဨC H (CH3)2), 0.8 ±1.2 (m, Hf, C H3), 1.5 ± 2.5 (m, He, C H 2), 4.74* 
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(s, H1m, C H), 4.72* (s, H1m¶, C H), 4.44- 4.01 (m, C H 2 +C H, Hb+H2m¶+H2m), 4.01-3.61 (m, 
C H 2 + C H, Ha + H6m¶+H6m+H4m+H4m¶+H3m¶), 3.61-3.53 (m, C H , H4m), 3.42 (m, C H , 
H5m+H5m¶). 

*Assigned in spectra at 45 oC, HDO (į 4.60)
13C NMR (D20, 125 MH]) įC in ppm, chemical shift scale from the unified scale according to

IUPAC23:  175.2 (C3), 100.1 (C1m¶), 99.9 (C1m), 76.6 (C4), 76.3 (C5m¶), 74.8 (C5m), 72.8 
(C3m¶), 71.5 (C3m), 70.4 (C2m¶), 69.8 (C2m), 66.6 (C4m¶), 64.3 (Cb), 60.9 (C6m), 60.5 (C6m¶),  
41.7 (C2), 34.7 (C1), 21.5 (C6+C7) 

Poly(N-isopropylacrylamide ) [PR1] 
1H NMR (D2O) į in ppm: 4.01-3.79 (s,br NဨC H (CH3)2), 2.29-1.84 (m,br, C H in main chain), 

1.84-1.30 (m, br, C H 2 in main chain), 1.30-0.92 (m, br, NဨCH (C H 3)2). 
13C NMR (D20, 125 MH]) įC in ppm, chemical shift scale from the unified scale according to 

IUPAC23: 175.4 (C3), 42.0 (C2), 34.7 (C1), 21.80 (C6, C7). 

Nuclear Magnetic Resonance (NMR) spectroscopy 

 1H and 13C spectra of the glycomonomers before polymerization and of the glycopolymer 
solutions of poly(NIPAm-co-MnEMA)s were recorded on a Bruker Avance III spectrometer 
(Bruker, Billerica, MA, USA) at 500.17 MHz for 1H and at 125.77 MHz for 13C. Quantification of 
monomers was performed as previously.18 A second method for quantification was used to confirm 
the results from the first. This second method was done using the ERETIC2 quantification tool 
available in the NMR processing software Topspin (Bruker Biospin, 2018) as previously 
described.24 The method can be used with an external standard. In our studies we used a stock of 
purified HEMA as external standard. Five solutions with concentrations of: 5, 11, 21, 32 and 54 
mg/L were prepared from this stock. Full description of NMR data acquisition can be found in SI 
part B.   

Study of the LCST transitions of poly(NIPAm-co-MnEMA)s by NMR spectroscopy 
1H NMR spectra were recorded as described in SI-B at a range of temperatures, first heating 

from 25 °C to 50-65 °C and then cooling from 50-65 °C to 25 °C.  In general, all spectra of a single 
sample were taken sequentially in the same run. For each sample the samples were gradually 
heated to the selected temperature and equilibrated during 6 min if the change in temperature was 
smaller than 3 °C and 10-15 min if the change was above 3 °C.  

To study the LCST transitions from the acquired spectra, the intensities of selected chemical 
shifts at different temperatures were scaled to the intensity at 25 °C and plotted against 
temperature. A 5-parameter sigmoidal model was then fitted to the data from where two parameters 
were derived, the onset of the LCST, Tonset, defined as the temperature at which the thermal 
transition starts (i.e. temperature at the maximum slope) and a parameter that we have named 
LCSTNMR, which was obtained by resolving the sigmoidal equation (Equation S1) for when the 
intensity was half of the initial intensity at 25 °C (I=0.5). This definition of LCST has been used 
for similar thermoresponsive polymers.16 Details of the model fitting can be found in SI part C.  
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Polymerization kinetics 
1H NMR spectra were recorded during the polymerization of samples P2M1 and P3M2 to gain 

insights into the reaction kinetics. To this effect, 1H spectra were acquired at different time 
intervals. This was possible because the polymerizations were conducted at room temperature and 
inside an NMR tube. Hence, the possible effect of interference due to sample convection at 
temperatures higher than room temperature were negligible. The reaction was followed for the first 
9 h after initiation.  

Dynamic light scattering (DLS) 

The size of the particles as a function of temperature was followed with a Zetasizer Nano ZS 
(Malvern Instruments Ltd, Worshestershire, UK) at a set angle of 173° using the non-invasive 
backscatter technology. The instrument was equipped with a 4 mW He-Ne laser with a 632.8 nm 
wavelength and an Avalanche photodiode detection (APD) unit. The obtained correlation 
functions were analyzed using the cumulants method available in the Malvern software. The 
samples were diluted 10 times with D2O (~1 mg/mL) and filtered through 0.45 μm pore size 
hydrophilic filter to remove dust and larger particles. The correlation functions were recorded at 
temperatures from 25 °C ± 70 °C in 2 °C steps. The samples were equilibrated for 3 min at every 
temperature prior to the measurement. 

In addition, dynamic and static light scattering (DLS and SLS) measurements were performed 
with sample P2M2 on an ALV/DLS/SLS-5022F, CGH-8F-based compact goniometer system 
(ALV-GmbH, Langen, Germany) with a 22 mW He-Ne-laser (632.8 nm) light source. The 
instrument was equipped with an automatic attenuator, controlled via software. A cuvette with the 
sample was placed in a cell housing filled with a refractive index matched liquid (cis-
decahydronaphtalene). DLS measurements were performed at temperatures 25 ± 45 °C with 2 °C 
step at 90° angle while SLS was measured at 25 and 45 °C and at the detector angles of 30° - 140°.  
From these measurements we derived hydrodynamic radius (Rh) and a radius of gyration (Rg) at 
25 and 45 °C and calculated a shape parameter ȡ= Rg/Rh. The treatment of the data from DLS and 
SLS is described in details in SI part D. 

 Small Angle X-ray Scattering (SAXS) 

SAXS measurements were performed using the Ganesha SAXS Lab instrument (SAXS Lab, 
Denmark). The instrument was equipped with a GeniX 3D 30 W Cu x-ray tube (Xenocs) and a 2D 
300 K Pilatus detector (Dectris). The measurements were acquired with a pin-hole collimated 
beam with the detector positioned asymmetrically to yield q-range of 0.012 ± 0.67 c-1 and 0.003 
± 0.21 c-1. The sample-to-detector distance was 480 mm and 1540 mm, respectively.

The magnitude of the scattering vector is defined by q = (4 S sinT)/O, where the wavelength  O 
equals to 1.54 c (Cu KD wavelength) and T is half of the scattering angle.  The temperature in the 
analysis chamber was controlled using a Julabo T Controller CF41 from Julabo Labortechnik 
GmbH (Germany). Samples were measured at the initial concentration (~10 mg/mL) and two 
temperatures, at 25 and 50 qC, with the equilibration time of 30 min before each measurement. 
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The obtained scattering curves were corrected for background scattering and data from different 
detector distances were combined to cover the desired q-range. The reduced data was evaluated 
with SasView25 and fitted to the Unified Exponential/Power-law model developed by Beaucage 
that describes fractal-like behavior of polymers in solution and polymer micelle model.26±28 The 
scattering intensity of fractal objects can be described with the fractal model, 𝐼ሺݍሻ~ିݍௗ  where
the exponent d can be obtained by fitting this model to the scattering curve.25 In order to fit 
such data, a corrected Beaucage model is often applied.26±28 This model describes fractal 
polymer chains that consist of flexible cylinders and gives two radii of gyration (Rg).28 The 
largest Rg is determined from the low-q or Guiner regime and represents the overall size of 
the particle whereas the second radius of gyration is obtained from the q region where the 
curve shows transition in the slope and describes the size of a subunit of the polymer chain 
(Rsub). The latter radius can be converted into persistence length (Lp) which is an indication 
of the chain stiffness and can be calculated as:29,30 

𝐿௣ ൌ ሺඥ12ܴ௚
ଶሻ/2         Equation 1.

Cryogenic Transmission Electron Microscopy (cryo-TEM) 

The polymerization solutions had high viscosity and were therefore diluted 10-fold before 
imaging with cryo-TEM (~1 mg/mL). For sample imaging, a 4 μL drop of the sample was placed 
on a lacey carbon coated formvar grid (Ted Pella Inc, Redding, CA, USA) and gently blotted with 
a filter paper to create a thin film. The grid was then prepared for imaging using an automatic 
plunge-freezer system (Leica Em GP, Leica Microsystems, Wetzlar, Germany) with the 
environmental chamber operated at 25 and 50 °C. The specimen was then vitrified by rapid 
plunging of the grid into liquid ethane (-183 qC). Thereafter, samples were stored in liquid nitrogen 
(-196 qC) and transferred into the microscope using a cryo transfer tomography holder (Fischione, 
Model 2550, E.A. Fischione Instruments, Inc., Corporate Circle Export, PA, USA). The grids were 
examined with a Jeol JEM-2200FS transmission electron microscope (JEOL, Tokyo, Japan) 
equipped with a field-emission electron source, a cryo-pole piece in the objective lens and an in-
column energy filter (omega filter). Zero-loss images were recorded under low-dose conditions at 
an acceleration voltage of 200 kV on a bottom-mounted TemCam-F416 camera (TVIPS-Tietz 
Video and Image Processing Systems GmbH, Gauting, Germany) using SerialEM. 

Size exclusion chromatography (SEC) 

The polymers were analyzed by size exclusion chromatography (SEC). A sample volume of 20 
µl (1 mg/ml) was injected on a TSKgel® G4000PWXL column (TOSOH Bioscience GmbH, 
Griescheim, Germany) connected to a chromatography system (Waters 600E System Controller, 
Waters, Milford, MA, USA), using RI (Waters 2414 Differential Refractometer) and UV detection 
(Waters 486 Tunable Absorbance Detector) at 234 nm. De-ionized water was used as eluent at a 
flow rate of 0.5 ml/min. The column was calibrated with dextran standards of 50, 150, 270 and 
410 kDa (Fluka Chemie AG, Buchs, Swizerland).  
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3. Results and discussion
3.1 Synthesis of thermoresponsive glycopolymers [poly(NIPAm-co-MnEMA)s] 

The enzymatically synthesized MnEMAs were used in conventional radical polymerizations 
with NIPAm to yield copolymers with the expected structure shown in Figure 1, as confirmed by 
1H and 13C NMR spectra. A representative example is given in Figures S1 and S2 in the 
supplementary information for sample P3M2. We have previously fully resolved the 1H NMR 
spectra of homopolymers based on M1EMA and M2EMA18 and the spectrum of poly(NIPAm) is 
well known. 31,32 

Figure 1. The expected molecular structure of the glycopolymers poly(NIPAm-co-MnEMA)s, indicating 
the structure of a ȕ-mannosyl unit. M1EMA: R=H and M2EMA: R=ȕ-4,1-mannose.  

The polymerizations were monitored by measuring monomer conversions over time using NMR 
data. For all the poly(NIPAm-co-MnEMA)s, the NMR data acquired during the reaction showed 
that the conversions given in Table 1 were reached after 2 ± 3 h of reaction and there was no further 
increase after this time. Table 1 summarizes the synthesis results and all calculations were based 
on data extracted from NMR spectroscopy measurements  
Table 1. Calculated yields, polymer compositions and thermoresponsive behavior of the 
glycopolymers [poly(NIPAm-co-MnEMA)s].a 
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The polymerizations showed conversions of NIPAm above 92 mol%, as determined from the 1H 
NMR spectra. The conversion of the glycomonomer was estimated to ~100 mol%. Already in our 
previous work we demonstrated that these glycomonomers were readily polymerizable and able 
to reach full conversions in radical polymerizations.18 Furthermore, the 13C spectra showed no 
signal at 127.01 ppm that would correspond to the acrylate double bond in M2EMA (Scheme 1, 
C-e).18 Only peaks unequivocally assigned to unconverted NIPAm monomer at 130.14 and 126.72
ppm were found in that region. In addition, the signal at 17.4 ppm that originated from the ±CH3

of MnEMA disappeared upon polymerization which we have previously reported (see SI figure
S2).18 Sample P1M2 had a lower molar monomer concentration compared to the rest of the
samples. Nevertheless, relatively high conversions were also achieved in this polymerization, even
without the addition of the accelerator as described in Table S1.  Sample PR2 reached a conversion
of 75 mol% for NIPAm. It has previously been shown that HEMA polymerizes faster than NIPAm
in similar systems.33 Size exclusion chromatography (SEC) showed very weak broad signals and
all the samples eluted at the exclusion volume (Figure S6). This indicated the presence of
aggregates in solution. We have previously described the same outcome for homopolymers
synthesized from the same glycomonomers.18 Furyk and coworkers have demonstrated that the
polydispersity and Mw had little effect on LCST of finely mass fractionated samples of
poly(NIPAm) as long as the polymer Mw was above 50 KDa and only slight deviations were noted
with lower molecular weight samples.34

3.2 Thermoresponsive transitions of poly(NIPAm-co-MnEMA)s by NMR spectroscopy 

 It is known that 1H NMR spectroscopy of thermoresponsive polymers in D2O solutions provides 
insights  into the thermoresponsive behavior on the molecular level6,35,36 In general, sharper signals 
are expected below the LCST and broader, or missing, signals after or close to the LCST because 
liquid state NMR spectroscopy is only expected to show signals related to sufficiently 
soluble/mobile polymers.37 It has to be pointed out that we measured the LCST transitions in D2O. 
Thus, the values may be different from those measured in H2O. Previous studies have shown that 
the LCST of poly(NIPAm) in D2O is higher than in H2O by approximately 1 K.38  

Figure 2A shows the initial screening of the acquired 1H NMR spectra at 25, 35 and 50 °C for 
PR1 [poly(NIPAm)] as well as for the glycopolymer P2M2. 
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Figure 2. 1H NMR (D2O, 500 MHz) spectra taken at 25, 35 and 50 °C for (A) PR1 and (B) P2M2. The 
decrease of signal intensity occurred gradually for P2M2 compared to PR1. Determination of Tonset and 
LCSTNMR for P3M2 compared to PR1: (C) from the chemical shift at 1.29±1.90 (H1, C H 2) and (D) from 
the chemical shift at 3.79±4.12 (H5, NဨC H (CH3)2). Open circles correspond to a cooling cycle and filled 
circles to a heating cycle.  

As expected, Figure 2A shows that at 35 °C, the intensity of all signals from PR1 [poly(NIPAm)] 
were practicall\ ]ero (signal undetectable) due to the ³coil-to-globule´ transition that 
poly(NIPAm) underwent at its LCST.36,39 In comparison, the glycopolymers, here illustrated by 
sample P2M2 in Figure 2B, showed that at 35 °C the intensity of the signals related to the 
poly(NIPAm) segments remained largely unchanged compared to the spectrum at 25 °C. Even at 
50 °C only partial loss of intensity was shown. This was expected because the poly(NIPAm) 
segments underwent a thermal random coil to globule transition upon heating, while the sugar 
segments remained solubilized. We have observed that the homopolymer of M2EMA does not 
undergo a thermal transition upon heating (data not shown). In other words, the sugar segments 
may have hampered the aggregation and precipitation of the polymer. This behavior was modeled 
as previously described (see SI section C) to derive the parameters Tonset and a LCSTNMR reported 
in Table 1. Figure 2B and 2C shows the fitted model to the data for PR1 and P2M2 for two different 
chemical shifts.  

Table 1 shows that the onset of the thermal transitions (Tonset) was similar for all synthesized 
polymers and occurred at the LCST for poly(NIPAm) ~ 35 °C. In poly(NIPAm), PR1, 
Tonset=LCSTNMR as expected, since the thermal transition from coil-to-globule was sharp. In 

���



comparison, the glycopolymers showed LCSTNMR above the Tonset due to a gradual thermal 
transition as previously described. In terms of the effect of the degree of substitution of sugar units 
and their length in the LCST transitions, we observed that the glycopolymers of M2EMA had 
statistically significantly higher LCSTNMR values compared to the ones based on M1EMA (See 
Figure S3B in SI). In general, we observed that the higher the molar content of the MnEMAs, the 
lower the estimated LCSTNMR. Additionally, the reference copolymer based on HEMA showed a 
significantly lower onset of thermal transition compared to the rest of the samples (30.8 ± 0.8 oC). 
This difference was significant regardless of the purity of the reference sample (PR2 or PR2P). 
The effect of copolymerization with HEMA was small in the thermal transitions of poly(NIPAm) 
compared to the effect induced by the glycomonomers. Figure 2C and 2D also show that the 
spectra taken during the heating cycle (filled circles) and during the cooling cycle (empty circles) 
were very close (negligible hysteresis). This verified the reliability of the method used to estimate 
the polymer segment mobility from the spectra, and to demonstrate that the changes were 
reversible. 

We want to point out that there was a difference in the estimation of LCSTNMR calculated from 
the chemical shifts corresponding to protons in in the main chain of the poly(NIPAm) segments 
(H1 and H2 in Figure 1) compared to the estimation derived from the chemical shift of the protons 
in the side chain (H5, H6, H7 in Figure 1). In general, the loss of intensity from the main chain 
protons due to temperature increase, occurs at a faster rate than for the side chain protons. This 
was indicative of a difference of mobility of the poly(NIPAm) segments of the polymer backbone 
compared to the side chains. This difference in mobility has been systematically studied by 
Futscher and coworkers.40 They studied the molecular changes in poly(NIPAm) and in its 
monomer (NIPAm) in solution across the LCST transition and determined that the hydrogen 
bonding with the amide groups in the side chains is different to the hydration of the hydrophobic 
main chain hydrocarbons.40 However, in the present study the signals used for the side chain 
calculations, illustrated in Figure 2D for proton H5, overlapped with signals that correspond to the 
glycopolymer segments. Consequently, we reported the calculated Tonset and LCSTNMR for the main 
chain, illustrated for H1 in Figure 2C.  

3.3 Thermoresponsive transitions of poly(NIPAm-co-MnEMA)s by DLS, SAXS and cryo-
TEM 

DLS, cryo-TEM and SAXS techniques were employed to obtain further knowledge on the 
structural changes associated with the thermal transitions observed with NMR spectroscopy. While 
NMR data provides information about the immediate vicinity of the atoms, DLS and SAXS reveal 
information on how this correlates with the polymer structural changes and aggregation and cryo-
TEM provides imagery of the structures. Hence, these techniques provide complimentary 
information. 

A comparison of the NMR data and the results from the DLS analysis is shown in Figure 3. 
Inserts A and C summarize the thermoresponsive behavior of poly(NIPAm-co-M1EMA)s and of 
poly(NIPAm-co-M2EMA)s, respectively, in terms of the intensity of the signal at 1.29±1.90 (H1, 
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C H2) by NMR. Inserts B and D show the corresponding change in hydrodynamic radius (Rh) 
measured by DLS from 25 to 70 °C.  

Figure 3.  Thermal transitions of the glycopolymers studied by NMR spectroscopy (A and C) and by DLS 
(C and D). 

Figure 3 shows that DLS and NMR spectroscopy data was temperature independent in the range 
25 ± 35 °C. In DLS the Rh reached a maximum size around ~37-39°C, followed by gradual 
shrinking up to 70 °C. Therefore, the results will be discussed in terms of these two temperature 
ranges in the following sections. 

We would like to point out that while all samples showed the same trend at similar temperature 
ranges, sample P1M2 showed a shift towards lower temperatures in DLS (Figure 3D). P1M2 has 
a particular low sugar content (3 mol %). This sample, when compared to the rest, illustrated that 
a certain degree of substitution of sugar needs to be exceeded to induce an effect on the thermal 
transition of poly(NIPAm). That is, at this low degree of sugar substitution, the increase of Rh 
started earlier than for glycopolymers with at least 8 mol % sugar content (P1M1) and the 
shrinkage of the Rh after 35 °C was much more pronounced than for the rest of the samples. This 
was an indication that there were not enough sugar moieties to stabilize all of the poly(NIPAm) 
segments. Hence, thermal transition was only slightly hampered by the hydrophilic interaction of 
the few sugar units. These results suggested that, in our particular case, we needed that the sugar 
content had a value between 3 and 8 mol % to induce an effect on the LCST of poly(NIPAm). 
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Consequently, we had mostly focused on studying samples with content higher than 8 mol % with 
SAXS and cryo-TEM. 

 
3.4 Characterization of poly(NIPAm-co-MnEMA)s  at 25 -35 °C  

As previously explained, DLS and NMR spectroscopy data were temperature independent in the 
range 25 ± 35 °C.  In this range, the hydrodynamic radius (Rh) was between 35 ± 62 nm. 
Additionally, cryo-TEM images of P1M1 and P2M2 at 25 °C (Figure 4A and 4C, respectively) 
showed already a large amount of small aggregates 20 ± 40 nm in diameter and elongated structures 
of up to 80 nm. These dimensions suggested that the polymers aggregated already at 25 °C into 
pearl shaped objects that, in turn, could aggregate into elongated shapes. This aggregation occurred 
without any external trigger and was likely driven by attractive interaction between the sugar 
moieties since poly(NIPAm) segments would not undergo any conformational change below ~35 
°C, as shown in Table 1. Furthermore, it is known that poly(NIPAm) exists in an expanded 
conformation in water below the LCST.41 This type of self-aggregation of synthetic glycopolymers 
is highly desirable as it does not rely solely on hydrophobic interactions for applications such as 
drug delivery and nano reactors.42 We found the same type and size of aggregates in all samples 
at 25 °C regardless of the type, size or length of the sugar substituents. Self-assembly similar to 
what we have seen in our glycopolymers has been described in double-hydrophilic block 
glycopolymers (DHBGs) of poly(2-hydroxyethyl methacrylate)-b-poly(2-(ȕ-glucosyloxy) ethyl 
methacrylate) [PHEMA-co-PGEMA] in milli-Q water.4 These glucose based block copolymers 
showed Rh of 4.25 and 19.8 nm as a function of the length of the PHEMA block according to DLS 
at room temperature.4 The authors proposed that the glycopolymers self-assemble into micellar 
structures. In the present case we have calculated the shape parameter ρ=Rg/Rh from DLS data at 
25 °C for one of our glycopolymers P2M2 (See SI Table S2). In comparison, a solid sphere gives 
ρ~0.775.43 For P2M2 at 25 °C, ρ=1.22 that corresponds to an elongated shape which correlated 
with the aggregates formed at 25 °C into elongated structures.  
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Figure 4. Cryo-TEM images prior to blotting at 10-fold dilution (~ 1 mg/mL) of P1M1 incubated at 25 qC 
(A) and at 50 qC (B), and of  P2M2 incubated at 25 qC (C) and at 50 qC (D). Structures observed: 1) pearl 
shaped aggregates, 2) elongated structures; 3) disc-shaped structures that overlap; 4) globular structures 
and; 5) fractal aggregates.  

Further characterization was done with SAXS. At 25 °C, the SAXS data showed that all of the 
samples exhibited similar scattering behavior in solution. Figure 5A and B show a gradual change 
in the power-law decay through the extended q-range in the scattering curves at 25 °C. Such a 
scattering behavior is consistent with a self-similarity in the morphology of the different polymers 
in solution and suggested a fractal-like behavior.  All of the curves at 25 °C shown in Figure 5 
were fitted to the Beaucage model27,28 and the obtained results are summarized in Table 3.  
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Figure 5.  (A) SAXS curves of P1M1 (light bluɟ rhombus) and P2M1 (red circles) (10 mg/mL) at 25 °C 
(filled symbols) and 50 °C (empty symbols). Solid lines are fits to the corrected Beaucage model. (B) SAXS 
curves of the P2M2 (dark bluɟ square) and P3M2 (black circles) (10 mg/mL) at 25 �C (filled s\mbols) and 
50 °C (empty symbols). Solid lines are fits to the corrected Beaucage model and polymer micelle model. 
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 Table 2. Parameters obtained from the fitting poly-(NIPAm-co-MnEMA) SAXS data at 25qC to 
the corrected Beaucage model for a fractal object.a  

Sample 
designationb 

Parameters (fractal object) 
Rg 

[nm] d Rsub 
[nm] 

Lp 
[nm] dsub 

P1M1 
(8 mol%) 89 3.70 14 24 1.52 

P2M1 
(16 mol%) 75 4.40 14 24 2.00 

P2M2 
(16 mol%) 

85 3.3 12 21 1.54 

P3M2 
(18 mol%) 80 3.2 5 8 1.50 

aDetailed description of the reported parameters can be found in materials and methods. bWithin 
parentheses is the molar content of the sugar substituent for each copolymer (M1 or M2). 

Table 3 shows that the radius of gyration (Rg) of the glycopolymers at 25 °C was within a range 
of 75 ± 89 nm. This correlates to the cryo-TEM images with the elongated shapes seen formed 
from the smaller pearl-shaped structures. The Rg at 25 °C decreased with increasing content of 
sugar monomers included in the structure regardless of the number of mannose units.  This effect 
was more clearly seen from the SAXS data of the di-substituted glycopolymers, in which the 
magnitude of Rg decreased with the level of substitution and so did the size of the subunit (Table 
2, Rsub), even if the difference in sugar content between the two di-substituted glycopolymers was 
narrower (16 vs 18 mol%) compared to the mono-substituted (8 vs 16 mol%). The persistence 
length (Lp) that characterizes the chain stiffness remained constant for the mono-substituted 
glycopolymers (~24 nm) and decreased significantly for the di-substituted ones (21 vs 8 nm).  

It can be argued that for a larger density of bulky side groups the chain flexibility would decrease, 
as it has been previously observed with softwood hemicellulose and galactose side groups.24 
However, in the case of hemicellulose the backbone is significantly more water soluble, while for 
the poly(NIPAm) the backbone is significantly less soluble. When temperature increases and there 
is a small change in solvent quality, hemicellulose would remain in solution, while poly(NIPAm) 
would precipitate. In our glycopolymers, the introduction of the sugar groups conferred even more 
solubility to the polymer back bone, but at the same time the sugar moieties tended to show an 
attractive interaction, which was likely to be a combination of e.g. hydrophobic interaction, 
specific orientation and hydrogen bonding. The sugars interacted attractively with each other and 
led to a closer contact betZeen the chain backbones as a ³]ip lock´, thus forming aggregates even 
at 25 °C without precipitation. 

Therefore, we concluded that the synthesized glycopolymers can aggregate below the LCST of 
poly(NIPAm) thanks to the effect induced by the attraction of the sugar moieties. This behavior 
could be advantageous in applications where self-assembly is required. 
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3.4 Temperature dependent conformational changes of poly(NIPAm-co-MnEMA)s 
(T>35 °C ) 

We studied the glycopolymers before the LCST of the poly(NIPAm) (estimated at ~35 °C), 
concluding that there was some form of aggregation that was driven by attractive interaction, likely 
due to a combination of e.g. hydrophobic interaction and specific orientation, between the sugar 
moieties and therefore temperature independent. After 35 °C, however, we expected to see 
structural changes driven by the segments of poly(NIPAm).  

After the temperature rose beyond 35 °C, DLS showed a rapid increase of Rh, followed up by a 
steady decrease of Rh up to 70 °C for all samples except P1M1 for which this decrease was up to 
63 °C (this will be discussed in detail later). The initial increase in Rh was in the order of 2-4 times 
the average Rh at 25 °C reaching a semi-plateau in 102 ± 168 nm at about ~37-39 °C, reported as 
Rhmax in Table 2. This behavior was modeled with a linear regression for which we saw that this 
increase in Rh was faster in poly(NIPAm-co-M1EMA)s compared to poly(NIPAm-co-M2EMA)s. 
The initial increase of Rh  was due to unfavorable poly(NIPAm)-water interactions that led to the 
collapse of the polymer chains, and eventually to aggregation due to hydrophobic interaction 
among the collapsed chains.44 At the same time the sugar-sugar interactions were still present and 
would interfere with the hydrophobic interactions, thus causing a gradual thermal transition as 
oppose to a sharp transition as previously described. 

As the temperature increased beyond ~39 °C, we observed a gradual decrease of Rh in DLS 
(Figure 2) over a wide range of temperatures, the minimum size reached is reported as Rhmin in 
Table 2. This decrease of Rh was first linear and then proceeded at a slower rate (second degree 
polynomial fit). This gradual decrease in Rh suggested that the polymer coils would shrink in size 
with increasing temperature. A similar decrease of Rg after an increase has also been seen in 
double-hydrophilic thermoresponsive block glycopolymers (DHTBG) of poly(di(ethylene 
glycol)methyl ether methacrylate) and a galactose functionalized poly(6-O-vinyladipoyl-D-
galactose).16  It was suggested that this shrinking behavior was most likely related to the increase 
in hydrophobicity of the hydrophobic segments leading to a shrinkage of the structures present.16 
Accordingly, at 50 °C cryo-TEM images showed that the small aggregates seen at 25 °C appear to 
have rearranged into large irregular structures. These structures resembled disk-like aggregates for 
samples with M1EMA and globular aggregates for samples with M2EMA (Figure 4). These 
aggregates were sometimes attached together to form fractal aggregates. In particular, we 
calculated the shape parameter ρ=Rg/Rh of 0.85 with DLS at 45 °C for P2M2 (See SI Table S2) 
which suggested a spherical shape somewhat hollow (Rg/Rh~1 is indication of a hollow sphere)16 
which correlates with the globular aggregates seen in cryo-TEM. Additionally, along the 
globular/disc shapes we saw other type of fractal aggregates apparently made up of the elongated 
aggregates seen at 25 °C (Figure 4). The formation of aggregates was due to unfavorable 
poly(NIPAm)-water interactions that led to the collapse of the polymer chains. However, further 
aggregation and eventual precipitation was hampered due to the presence of the sugar moieties 
that rendered the polymer slightly more hydrophilic. This behavior can be likened to coacervate 
forming polymers.44 These polymers cannot cause enough dehydration of their chains above the 
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LCST, but instead they form micrometer-scale dispersions and cannot undergo a drastic 
conformational change. It has been reported that this type of polymers is better suited for biological 
applications because their gentle thermoresponsive behavior is less disruptive in biological or 
biomimetic systems.44 When poly(NIPAm) aggregates and precipitates, it is due to a gain in 
entropy because of the dehydration of the hydrophobic moieties of the polymer, which, in turn, 
compensates for the loss of entropy arising from the collapse of the polymer chains into globules.44 
By introducing sugar moieties as pendant groups, it is likely that the gain of entropy decreased and 
the chains could not undergo full dehydration. 
Table 3. Summary of characteristic Rhs measured by DLS of poly(NIPAm-co-MnEMA)s solutions.a  

Sample 
designationb 

Parameter 
Rh @ 25 °C, nm Rhmaxc, nm Rh @ 50 °C, nm Rh mind, nm 

P1M1 
(8 mol%) 

36 ± 0.9 168 ± 1.8 137 ± 0.8 119 ± 0.9 

P2M1 
(18 mol%) 37 ± 0.9 133 ± 0.9 107 ± 0.8 90 ± 0.4 

P1M2 
(3 mol%) 50 ± 1.4 123 ± 1.9 69 ± 0.4 54 ± 0.1 

P2M2 
(16  mol%) 36 ± 0.2 102 ± 0.5 95 ± 1.1 84 ± 0.7 

P3M2 
(18 mol%) 41 ± 2.7 118 ± 0.8 106 ± 0.6 90 ± 0.1 

aAll Rhs at each temperature correspond to the average of 3 measurements. bValues within parentheses 
correspond to the molar content of the sugar substituent (M1 or M2). cMeasured as the maximum Rh in the 
DLS curve.dMeasured as the minimum Rh reached in the DLS curve after 35 °C. 

We also studied the glycopolymers by SAXS at 50 °C, as a representative temperature in the 
temperature range in which the Rh was gradually decreasing and the results were summarized in 
Table 4.  In general, we saw that at 50 °C, the size of the polymer particles (Rg) decreases by about 
26 - 36% (one sugar) and by 45 ± 54 % (two sugars) depending on the degree of sugar substitution 
compared to their size at 25 °C. This decrease was also seen in the size of the subunit (Rsub) 
indicating that the whole structure was collapsing, which correlated with the shrinking behavior 
seen in DLS. 
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Table 4. Parameters obtained from the fitting poly-(NIPAm-co-MnEMA) SAXS data at 50 qC to the 
corrected Beaucage model.a  

Sample 
designationb 

Parameters 
Fractal model Micelle model 

Rg 
[nm] d Rsub 

[nm] 
Lp 

[nm] dsub 
Rg 

core 
[nm] 

Rg 

corona 
[nm] 

Nhead 
Vhead 
[nm3] 

Vtail

[nm3] 

P1M1 
(8 mol%) 57 4.7 8 14 1.6 - - - - - 

P2M1 
(16 mol%) 55 3.90 5 9 2.90 - - - - - 

P2M2 
(16 mol%) 47 4.65 8 15 2.27 16 28 30 22 322 

P3M2 
(18 mol%) 37 3.42 3 5 2.15 14 22 41 7 100 

aDetailed description of the reported parameters can be found in materials and methods. All values are 
averages from three measurements. bValues within parentheses correspond to the molar content of the sugar 
substituent (M1 or M2). 

Figure 5 shows that the SAXS data of the glycopolymers recorded at 50 °C, exhibited a similar 
trend to the data recorded at 25 °C but with a more pronounced increase in the intensity with q at 
the transition from an intermediate- to a low-q region. The large exponent at low-q can be 
described as Porod behavior (~ିݍସ) indicating that polymers collapsed into compact objects with
sharp interfaces.45 This type of increase in the power-law behavior with temperature has been 
previously reported in literature for temperature-responsive triblock copolymers that contain 
poly(NIPAm) blocks.26,27 These compact objects corresponded to those described on the basis of 
the cryo-TEM results as disc-shaped structures (see Figure 4B) for mono-mannose substituted 
glycopolymers and globular shape structures with sharp edges for the di-substituted ones (Figure 
4D). As previously described, we also saw in cryo-TEM irregular fractal aggregates that coexist 
along the globular/discs aggregates. SAXS data showed that the scattering was dominated by the 
former as indicated by the dsuba 2 at the intermediate q-range characteristic to dense mass fractals.28 
Hence, the data was fitted using the same model (fractal) used for the data at 25 °C (Table 4). 
However, it was also possible to fit the SAXS data at 50 °C for the di-mannose substituted 
glycopolymers (P2M2 and P3M2) to a polymer micelle core shell model, i.e., a spherical particle 
with a dense core consisting of polymer heads and a corona consisting of Gaussian polymer tails.46 
This model is often employed to describe block copolymer micelles.47 Here we made an 
assumption that the globular structures seen in cryo-TEM were micelles with a core made of 
poly(NIPAm) with scattering length density (SLD) of 0.1x10-6 Å-2 and the corona consisted of 
mannan with the SLD of 0.145x10-6 Å-2. According to the fit shown in Table 4, the glycopolymers 
with two mannose units formed micelle-type particles with an overall radius of 44 and 36 nm for 
P2M2 and P3M2, respectively (Table 4). Particles with a higher substitution degree of di-mannose 
(18 mol%) had a slightly smaller core but a corona with a larger radius than the less substituted 
ones (16 mol%). This suggested that a smaller amount of collapsed chains was surrounded by a 
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larger amount of sugar units ³protecting´ the core. Here the Zater could interact with the sugar 
units preventing further aggregation and consequent precipitation. 

3.5 Aggregation and precipitation of P1M1 

As we previously described, DLS, NMR and SAXS data showed that the structures formed upon 
heating beyond the LCST of poly(NIPAm) did not reach equilibrium but continued to shrink up to 
70 °C. However, it is expected that the structures would eventually aggregate and collapse, given 
that the LCST behavior is entropy driven.  This assumption was validated using sample P1M1, for 
which DLS showed that at 63 °C there was a sharp increase of Rh which indicated further 
aggregation and eventually the copolymer precipitated. This was also observed by NMR 
spectroscopy. At temperatures beyond 60 °C it was not possible to record any spectra because 
there were no phases with sufficient mobility. Thus, the shimming of the sample failed. It is 
expected that all the other samples would eventually also aggregate and precipitate at temperatures 
above 70 °C. Sample P1M1 was based on M1EMA and had a lower average of mannose units per 
chain compared to the other glycopolymers. A higher sugar content and long sugar units prevented 
the aggregation of collapsed chains up to 70 °C. These observations were in agreement with that 
seen in other poly(NIPAm) based glycopolymers with D-linked mannose units, synthesized by 
Paul and coworkers.17 They observed that glycopolymers functionalized with high mannose 
content (34 and 97 mol%) did not show temperature responsive behavior up to 40 °C compared to 
sugar contents under 7 mol%.17 The thermal responsiveness would be affected by the sequence of 
the sugar units within the polymer backbone. The degree of dehydration will depend on the sugar 
unit distribution and their hydrophilicity would govern the solubility of the polymer even above 
LCST of poly(NIPAm). 

Scheme 2 shows a graphical representation of the proposed structures formed as the temperature 
increases in the solutions of poly(NIPAm-co-MnEMA)s. 
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Scheme 2. Graphical representation of aggregation sequences of thermoresponsive poly(NIPAm-co-

MnEMA) in water. Top to bottom: 25 to 35 °C; 35 ± 63 °C for P1M1 and 35 -70 °C for all the other samples; 
63 °C for P1M1 and above 70 °C for all the other samples. 

3.6 Conformational changes as a function of the concentration 

We believe that the type of structures formed as temperature increases were concentration 
dependent. For example, we had imaged by cryo-TEM one sample of di-mannose substituted 
copolymer (P2M2) at the initial concentration and at 10-fold dilution (~10 mg/L vs ~1 mg/L) at 
25 and 50 °C, respectively. At both temperatures, we observed the same type of structures as 
previously described. However, a larger amount of elongated particles and even fractal aggregates 
were seen at the higher concentration at 25 °C compared to the diluted sample (Figure S4). 
Similarly, at 50 °C, the effect of concentration was much more pronounced than at 25 °C.  While 
both the diluted and the concentrated samples contain globular aggregates and fractal aggregates 
of similar dimensions, the former were found in higher numbers under dilute conditions, whereas 
the latter dominated under concentrated conditions (Figure S5). The polymers assembled randomly 
into mostly fractal-like structures at a high concentration, as expected for a strongly attractive 
interaction. Consistently, in a more dilute sample more time was given for the polymer to aggregate 
in a more controlled and organized manner giving less extended aggregates.  
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4. Conclusions
We have synthesized biobased thermoresponsive glycopolymers from glycomonomers prepared 

by enzymatic catalyzed synthesis, and the well-known thermoresponsive polymer poly(NIPAm). 
The polymerizations had high conversions reached after 2-3 h. We then systematically 
characterized their solution properties and their conformational changes upon heating employing 
1H NMR, DLS, SAXS and cryo-TEM. We saw that the glycopolymers aggregated at room 
temperature due to the attractive interaction of the sugar moieties, which results from hydrophobic 
interactions, specific orientation and hydrogen bonding. This behavior could be advantageous in 
applications where self-assembly is required. We then showed that the glycopolymers had a LCST-
type phase transition as well as aggregation properties beyond the LCST of poly(NIPAm).  

We saw that upon increasing temperature beyond the LCST of ply(NIPAm), the glycopolymers 
were able to rearrange into sharp edged structures with varying shapes (fractal, discs and globular). 
The size and shape of these structures varied in function of the size and degree of substitution of 
the mannose pendant moieties offering handles for the variation of the structures to target specific 
applications. To the best of our knowledge there is little research into the thermal transitions of 
thermoresponsive glycopolymers with a random distribution of sugar moieties along the polymer 
backbone, in particular gl\copol\mers featuring ȕ-linked mannose units. We expect that the 
findings of this work will form the basis for the synthesis of a library of glycopolymers with diverse 
structures/function using alternative comonomers and/or other polymerization techniques.   

5. Supporting Information.
Expanded description of polymerization method, acquisition and processing of NMR data 

spectroscopy, procedure to calculate parameters Tonset and LCSTNMR reported in Table 1, additional 
DLS data, 1H and 13C NMR spectra, additional graphs for Table 1, and as well as additional cryo-
TEM images and inserts of the SEC chromatograms. 
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A. Detailed synthesis of poly(N-isopropyl acrylamide)-co-(2-[β-manno[oligo]syloxy] ethyl
methacrylate)s  [Poly(NIPAm-co-MnEMA)s]

A total of eight different polymers were prepared in solution. Two glycopolymers (P1M1-P2M1) 
based on M1EMA and three (P1M2-P3M2) with M2EMA were prepared. Additionally, three 
reference samples were prepared, a homopolymer of NIPAm (PR1) and a copolymer of NIPAm 
and HEMA (PR2). Details of the experimental design of the polymerizations can be found in Table 
S1.  

Copolymers of MnEMAs and NIPAm and the homopolymer of NIPAm were synthesized via 
conventional radical polymerization in D2O at room temperature in an NMR tube as previously 
reported.1 A system of initiator potassium persulfate (KPS) and accelerator N,N,N',N'-
tetramethylethylenediamine (TEMED) were used. The polymerizations solutions were designed 
with a monomer concentration of 250 mmol/L and monomer:initiator:accelerator ([M]:[I]:[A]) 
ratios of 100:0.4:0.6 unless otherwise stated (Table S1). 

The reference sample based on HEMA (PR2) was prepared in ethanol with 2,2’-
azobis(isobutyronitrile) (AIBN) as initiator at 60 °C in a similar way previously described.2 

Table S1. Synthesis data of the thermoresponsive glycopolymers and reference polymers based 
on NIPAm. 

Sample 
type Designation 

yfeed 
MnEMA 

[mol/mol] 

[M] 
[mmol/L] [M]:[I]:[A] 

MnEMA 
/NIPAma 
[mg/mg] 

Poly(NIPAm-co-
M1EMA) 

P1M1 0.10 250 100:0.4:0.6 0.28 (0.21) 
P2M1 0.15 250 100:0.4:0.6 0.45 (0.55) 

Poly(NIPAm-co-
M2EMAb 

P1M2 0.02 

1203 

100:0.3:- 0.10 (0.10) 

P2M2 0.10 250 100:0.4:0.6 0.45 
P3M2 0.15 250 100:0.4:0.6 0.71 (0.86) 

Poly(NIPAm) PR1 - 250 100:0.4:0.6 - 
Poly(NIPAm-co-

HEMA) 
PR2/PR2P4 0.15 250 100:0.4:0.6 0.20 

I= initiator, KPS. A=accelerator, TEMED, M=monomer. PR1-PR2 are reference materials;1In parentheses the actual 
measured mass ratios using NMR,2No accelerator was added in this synthesis. 3[M] is lower than the other 
syntheses.4PR2 and PR2P are obtained from the same polymerization except PR2 is a crude sample and PR2P is from 
the same PR2 solution but purified. 5Calculated as HEMA/NIPAm. 

250 mL of the enzymatic synthesis mixture was used for purification and isolation of the individual 
monomers, MnEMAs, as previously described.1 After purification the MnEMA monomer solutions 
contained 70-85% acetonitrile. The total mass available in the solutions was of 18.7 mg and 29.5 
mg of M1EMA and of M2EMA respectively. 

For polymerizations, a determined volume of monomer solutions was subjected to acetonitrile 
evaporation in a rotary evaporator. A gradual exchange of water for D2O to the desired monomer 
concentration followed. This was done through careful evaporation of fractions of water at a 
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controlled temperature of 37 °C in the rotary evaporator, adding D2O in multiple steps. The 
temperature was kept always under 37 °C (enzymatic reaction temperature) to prevent possible 
spontaneous polymerization of the monomers. Once the desired volume was achieved, the 
monomer solution was transferred to an NMR tube with septum via a glass microscale syringe 
equipped with a long needle. NIPAm, initiator (KPS) and accelerator (TEMED) solutions in D2O 
were prepared and degassed separately before addition to the NMR tube containing the MnEMA 
solution. The NMR tube was sealed and the polymerization progressed at room temperature. 

This microscale polymerization preparation is challenging mainly because the glycomonomers 
have shown to precipitate from solution during concentration. These leads to losses of the 
glycomonomers along the process, thus limiting the net amount of glycomonomers for 
polymerizations. Optimization of recovery and purification methods in large scale are subject of 
ongoing work. Nevertheless, we purified enough glycomonomers to prepare several samples at a 
microscale. 

Utmost care was taken on to maintain all parameters close to the nominal values of the 
experimental design (Table S1). The concentration of reactants was estimated before 
polymerization via NMR when possible (average prediction error of 2% measured in 5 external 
standards described below).  

All samples were kept in solution in the NMR tubes after synthesis without further processing 
before characterization.  Only part of the reference polymer solution P2R was used to obtain a 
purified polymer due to low monomer conversions (See Table 2). The purified sample P2R is 
labeled as P2RP. To obtain sample P2RP, some of sample P2R was precipitated twice in 10 times 
volume of diethyl ether, filtered and rinsed. The recovered white powder was vacuum dried to 
constant weight. The sample was then suspended in 600 uL of D2O for characterization. Even 
though this sample is a reference sample and does not contain glycomonomer, we have used it as 
a model compound to reveal if the presence of unreacted monomer had any effect on the thermo-
responsive behavior. 

It is worth noting that in sample P1M2, the monomer molar concentration in the reaction is lower 
than the rest of the synthesis. Given the low amounts available of monomers, this reaction was the 
first polymerization performed and was designed to minimize the amount of monomer used. The 
monomer molar concentration in the reaction was 54 mmol/L to begin with, no polymerization 
occurred at first at this concentration so we increased the molar concentration of monomer to 120 
mmol/L by evaporating some of the water in a rotary evaporator (Table S1). Fresh initiator solution 
was added and the polymerization then progressed at room temperature.  

B. Nuclear Magnetic Resonance (NMR) spectroscopy detailed method

To acquire 1H NMR spectra for each sample the spin-lattice (T1) was determined from a series of 
spectra using the standard inversion recovery sequence varying the delay time from 0.001 to 5 s. 
A relaxation delay of 5 x T1 (for a 90 ° pulse) and an acquisition time of 3 x T2 were used for the 
acquisition of the spectra. The 90 ° pulse was calibrated using the pulsecal program from Topspin. 
The number of scans and the parameter D1 was adjusted for each sample. All spectra for 
determination of low critical solution temperature (LCST) transitions were shimmed in solvent 
suppression mode with digitization mode set to baseopt. Spectra calibration, base line correction 
and phase correction were done using Topspin. In-house generated Matlab scripts as well as the 
freely available Matlab application RBNMR3 were used for spectra analysis.  
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C. Determination of parameters Tonset and LCSTNMR from 1H NMR spectroscopy data

To determine the LCST transitions from the acquired spectra, the intensities of selected chemical 
shifts at different temperatures were calibrated to the intensity at 25 °C and plotted against 
temperature. The intensity is calibrated to the value of the intensity of the reference spectrum. All 
intensities in the series of experiments are then scaled with the same factor. This allows to 
immediately compare the spectra within the series of experiments.  

A 5-parameter sigmoidal curve (equation S1) was then fitted using Sigmaplot® V.12.0. The fit 
provides with 5 parameters (a-e).  From this fitting two parameters were derived, the Tonset of the 
LCST (determined as the temperature of greatest slope, x0 in Equation S1) and a parameter that 
we have named LCSTNMR, which was obtained by resolving the temperature (x) for when the y=0.5 
(the intensity is half of the initial intensity y=1): 

ݕ ൌ ଴ݕ ൅ ௔

ቈଵା ௘షቀೣషೣబ
್ ቁ቉

೎ Equation S1 

D. DLS and SLS for P2M2 to determine shape factor

DLS and SLS data was measured to derive the shape factor ρ= Rg/Rh reported in table S2 for sample 
P2M2 at 25 and 45 °C. The obtained scattering intensity I(q) was brought to an absolute scale 
using: [T. Zemb and P. Lindner, Neutron, X-Rays and Light. Scattering Methods Applied to Soft 
Condensed Matter, NORTH HOLLAND, 2002.] 

𝐼ሺ𝑞ሻ ൌ  ∆ூሺ௤ሻ
ூೝ೐೑ሺ௤ሻ

൬ ௡
௡ೝ೐೑

൰
ଶ

𝑅𝑅௥௘௙      Equation S2 

where ∆I(q) is the background scattering, n is the refractive index of the solution, and Iref (q), nref 
and RRref are the scattered intensity, refractive index, and Rayleigh ratio, of the reference (toluene), 
respectively; q is the magnitude of the scattering vector: 

𝑞 ൌ  ସగ௡
ఒబ

𝑠𝑖𝑛 ቀఏ
ଶ

ቁ    Equation S3 

where λ0, n and θ are the laser wavelength, refractive index of the solution and scattering angle, 
respectively. The radius of gyration RG was calculated using Zimm plot. The derived Rg and Rh 
were used to calculate shape factor. 

Table S2. DLS of P2M2 to determine shape factor. 

Temperature 
 [°C] 

Rg 
[nm] 

Rh 
[nm] 

ρ=Rg/Rh 

25 49.1 40.11 1.22 

45 50 58.63 0.85 
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S-5

Figure S1. 1H NMR (D2O, 500 MHz) spectra of poly(N-isopropylacrylamide-co-2-[ȕ-
manno(bio)syloxy] ethyl methacrylate) P3M2 taken at 25 °C. 

E. 1H and 13C NMR spectra for sample P3M2.
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Figure S2. 13C NMR (D20, 125 MHz) spectra of poly(N-isopropylacrylamide-co-2-[ȕ-
manno(bio)syloxy] ethyl methacrylate) P3M2 taken at 25 °C. 
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F. Analysis of LCST and LCSTNMR by 1H NMR spectroscopy

Figure S3. Estimated Tonset of the transition (A) and LCSTNMR (B) of the glycopolymers and the 
reference materials by NMR analysis. Error bars correspond to the SSE of the curve fitting for the 
respective parameter. 

G. cryo-TEM concentration dependence in P2M2

Figure S4. Cryo-TEM images of P2M2 incubated at 25qC prior to blotting at 10-fold dilution ~1 
mg/mL (left) and at the initial concentration ~10 mg/mL (right). 
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Figure S5. Cryo-TEM images of P2M2 incubated at 50qC prior to blotting at 10-fold dilution 1 
mg/mL (left) and at the initial concentration ~10 mg/ml (right). 

H. SEC chromatograms in water mobile phase

Figure S6. Inserts from the size exclusion chromatograms for samples P1M1 and P2M2. 

(1) Rosengren, A.; Butler, S. J.; Arcos-Hernandez, M.; Bergquist, K.-E. E.; Jannasch, P.;
Stålbrand, H. Enzymatic Synthesis and Polymerisation of ȕ-Mannosyl Acrylates Produced
from Renewable Hemicellulosic Glycans. Green Chem. 2019, 21 (8), 2104–2118.

(2) Shen, Z.; Terao, K.; Maki, Y.; Dobashi, T.; Ma, G.; Yamamoto, T. Synthesis and Phase
Behavior of Aqueous Poly(N-Isopropylacrylamide-Co-Acrylamide), Poly(N-
Isopropylacrylamide-Co-N,N-Dimethylacrylamide) and Poly(N-Isopropylacrylamide-Co-
2-Hydroxyethyl Methacrylate). Colloid Polym. Sci. 2006, 284 (9), 1001–1007.

(3) Nyberg, N. RBNMR. MATLAB Central File Exchange 2020.

1

���



1BQFS ħ

β�.BOOBOBTF�DBUBMZ[FE TZOUIFTJT PG BMLZM NBOOPPMJHPTJEFT

+� .PSSJMM
 "� .ÌOCFSHFS
 "� 3PTFOHSFO
 1� /BJEKPOPLB
 1� WPO 'SFJFTMFCFO
 ,� #�
3� .� ,SPHI
 ,� &� #FSHRVJTU
 5� /ZMBOEFS
 &� /� ,BSMTTPO
 1� "MEFSDSFVU[
 )�
4UÌMCSBOE

"QQMJFE .JDSPCJPMPHZ BOE #JPUFDIOPMPHZ ����
 ���
 ���������

$PQZSJHIU ª ����





BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

β-Mannanase-catalyzed synthesis of alkyl mannooligosides

Johan Morrill1 & Anna Månberger2 & Anna Rosengren1 & Polina Naidjonoka3 & Pernille von Freiesleben5 &

Kristian B. R. M. Krogh5 & Karl-Erik Bergquist4 & Tommy Nylander3 & Eva Nordberg Karlsson2 & Patrick Adlercreutz2 &

Henrik Stålbrand1

Received: 31 October 2017 /Revised: 4 April 2018 /Accepted: 7 April 2018 /Published online: 22 April 2018
# The Author(s) 2018

Abstract
β-Mannanases catalyze the conversion and modification of β-mannans and may, in addition to hydrolysis, also be capable of
transglycosylation which can result in enzymatic synthesis of novel glycoconjugates. Using alcohols as glycosyl acceptors
(alcoholysis), β-mannanases can potentially be used to synthesize alkyl glycosides, biodegradable surfactants, from renewable
β-mannans. In this paper, we investigate the synthesis of alkyl mannooligosides using glycoside hydrolase family 5 β-
mannanases from the fungi Trichoderma reesei (TrMan5A and TrMan5A-R171K) and Aspergillus nidulans (AnMan5C). To
evaluate β-mannanase alcoholysis capacity, a novel mass spectrometry-based method was developed that allows for relative
comparison of the formation of alcoholysis products using different enzymes or reaction conditions. Differences in alcoholysis
capacity and potential secondary hydrolysis of alkyl mannooligosides were observed when comparing alcoholysis catalyzed by
the three β-mannanases using methanol or 1-hexanol as acceptor. Among the three β-mannanases studied, TrMan5A was the
most efficient in producing hexyl mannooligosides with 1-hexanol as acceptor. Hexyl mannooligosides were synthesized using
TrMan5A and purified using high-performance liquid chromatography. The data suggests a high selectivity of TrMan5A for 1-
hexanol as acceptor over water. The synthesized hexyl mannooligosides were structurally characterized using nuclear magnetic
resonance, with results in agreement with their predicted β-conformation. The surfactant properties of the synthesized hexyl
mannooligosides were evaluated using tensiometry, showing that they have similar micelle-forming properties as commercially
available hexyl glucosides. The present paper demonstrates the possibility of using β-mannanases for alkyl glycoside synthesis
and increases the potential utilization of renewable β-mannans.

Keywords β-Mannanase . Transglycosylation . Alcoholysis . Alkyl glycoside . Surfactant

Introduction

Plant biomass has the potential to substitute fossil resources in
numerous sectors. In this development, considerable interest is
devoted to biotechnology for the sustainable production of
biofuels and biochemicals (Cherubini 2010). Alkyl glycosides
are non-toxic and biodegradable non-ionic surfactants suitable
for many applications including detergents, cleaners, and per-
sonal care products (von Rybinski and Hill 1998). They consist
of a hydrophobic alkyl chain linked by a glycosidic bond to a
hydrophilic glycoside.

Glycoside hydrolases (GHs) can be used to synthesize al-
kyl glycosides from carbohydrates and alcohols under rela-
tively mild reaction conditions (Ochs et al. 2011; van
Rantwijk et al. 1999). Enzymatic synthesis of alkyl glycosides
has several advantages over chemical synthesis in that it en-
ables production of anomerically pure molecules, without the
use of several protection and deprotection steps for
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chemoselectivity (van Rantwijk et al. 1999; von Rybinski and
Hill 1998; Wang and Huang 2009). GH-catalyzed synthesis
can be done either via thermodynamically controlled reversed
hydrolysis or kinetically controlled transglycosylation (van
Rantwijk et al. 1999).

In the Carbohydrate-Active Enzymes (CAZy) database
(http://www.cazy.org) (Lombard et al. 2014), GHs are classi-
fied into families based on sequence similarity, and some GH
families have further been divided into subfamilies, e.g., GH
family 5 (GH5) (Aspeborg et al. 2012). Families are classified
into clans, where clan A is the largest (Davies and Sinnott
2008; Henrissat and Bairoch 1996). The active sites of endo-
acting GHs, e.g., GH5β-mannanases, contain several subsites
where the monosaccharide moieties of the substrate bind. The
subsites are labeled from −n to +n, where n is a positive inte-
ger, with −n situated towards the non-reducing end and +n
towards the reducing end of the substrate (Fig. 1).
Glycosidic bond cleavage occurs between monosaccharide
moieties bound at the adjacent − 1 and + 1 subsites (Davies
et al. 1997).

The GHs applicable for transglycosylation utilize a
two-step catalytic mechanism which retains the configu-
ration of the anomeric carbon (Sinnott 1990). The GH5
subfamily 7 (GH5_7) β-mannanases belonging to clan
A studied in the present paper utilize this mechanism
(Gilbert et al. 2008). The first step of the retaining
mechanism is a nucleophilic attack on the anomeric car-
bon, which releases the leaving group and forms a co-
valent glycosyl-enzyme intermediate (Davies and
Henrissat 1995; Zechel and Withers 2000). In the sec-
ond step, a glycosyl acceptor, water in hydrolysis and
another nucleophile in transglycosylation, performs a
nucleophilic attack on the covalent intermediate which
breaks the covalent bond, forming a new product
(Fig. 1). Several GH5 β-mannanases have been shown
to use saccharides as transglycosylation acceptors
(Arcand et al. 1993; Coulombel et al. 1981; Couturier
et al. 2013; Dias et al. 2004; Dilokpimol et al. 2011;
Hakamada et al. 2014; Harjunpää et al. 1999; Hrmova
et al. 2006; Larsson et al. 2006; Mizutani et al. 2012;

Morrill et al. 2015; Puchart et al. 2004; Rosengren et al.
2012; Rosengren et al. 2014; Schröder et al. 2006;
Wang et al. 2014). Alcohols acting as acceptors in com-
bination with glycosyl donor substrates can generate al-
kyl glycosides (Adlercreutz 2017; Rosengren et al.
2014). In the presence of both water and alcohol, these
acceptors compete to attack the covalent intermediate.
Secondary hydrolysis of products may also occur
(Fig. 1), and the synthesis and breakdown of several
products are possible before equilibrium is reached
(Sinnott 1990; van Rantwijk et al. 1999).

To date, alkyl glycoside synthesis with GHs has been car-
ried out with, e.g., β-glucosidases (Lundemo et al. 2013;
Papanikolaou 2001; Turner et al. 2007), β-mannosidases
(Itoh and Kamiyama 1995), α-amylases (Damián-Almazo
et al. 2008; Larsson et al. 2005;Moreno et al. 2010), xylanases
(Jiang et al. 2004; Matsumura et al. 1996; Matsumura et al.
1997; Matsumura et al. 1999; Ochs et al. 2011), and β-
glucanases (Akiba et al. 1999). However, little is known about
alkyl glycoside synthesis catalyzed by endo-acting GHs
attacking β-mannans which are among the most abundant
polysaccharides in nature, e.g., constituting the major part of
softwood hemicellulose (Ebringerová 2006; Lundqvist et al.
2003; Scheller and Ulvskov 2010). We have previously ob-
served transglycosylation with β-mannanases using methanol
and 1-butanol as acceptors (Rosengren et al. 2012; Rosengren
et al. 2014).β-Mannanases have several potential and existing
applications to increase the use of this interesting natural re-
source (Moreira and Filho 2008; Yamabhai et al. 2016). In the
present paper, we address a novel approach—the application
of β-mannanases in synthesis of alkyl glycosides using re-
newable β-mannan as donor substrate. Successful use of β-
mannanases for enzymatic synthesis is especially interesting
since the β-mannosidic bond is arguably the most difficult
glycosidic bond to synthesize by chemical means (Gridley
and Osborn 2000). Frequently, activated (e.g., nitrophenyl)
sugars are used as donor substrates in transglycosylation reac-
tions with exo-acting GHs as catalysts (Teze et al. 2015; Teze
et al. 2014). Our approach in the current paper, however, is
different. We are studying the use of a natural, renewable

Fig. 1 Simplified scheme illustrating the retaining double-displacement
mechanism used by the β-mannanases in this study. To the left,
mannotetraose (M4) is shown bound in subsites − 2 to + 2 with the
reducing end bound in subsite + 2. β-Mannanases may bind M4 in
multiple binding modes, e.g., from subsites − 3 to + 1 (Rosengren et al.
2012), resulting in other products. The enzyme performs a nucleophilic
attack instead the glycosidic bond between subsites − 1 and + 1, indicated
by the arrow, and releases the mannobiose unit in subsites + 1 and + 2

(white) while the mannobiose unit in subsites − 1 and − 2 (gray) forms a
covalent intermediate with the enzyme. The covalent intermediate (in the
center) can then be attacked by water (HO–H), leading to hydrolysis, or
an alcohol (HO–R), leading to alcoholysis and the production of a
glycosyl conjugate (alkyl mannobioside) shown to the right. The
dashed arrows show possible secondary hydrolysis of the glycosyl
conjugate
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(non-activated) donor substrate (β-mannan) and endo-
glycosidases (β-mannanases) as catalysts, allowing the syn-
thesis of alkyl glycosides with longer sugar heads.
Furthermore, in the present study, we expand the length of
the acceptor alcohol used compared to previous studies
(Rosengren et al. 2014) of β-mannanases.

With the aim to reveal the applicability ofβ-mannanases in
alkyl mannooligoside synthesis, three fungal GH5 β-
mannanases were selected based on previously observed
alcoholysis capabilities with methanol and butanol as well as
different product profiles due to different modes of
mannotetraose (M4) attack: from Trichoderma reesei,
TrMan5A (Sabini et al. 2000) and its engineered subsite + 2
variant TrMan5A-R171K (Rosengren et al. 2012), and from
Aspergillus nidulans, AnMan5C (Dilokpimol et al. 2011;
Rosengren et al. 2014).

In this paper, we further study these three β-mannanases
for the synthesis of alkyl mannooligosides using a longer-
chain alcohol, i.e., hexanol, as acceptor (resulting in hexyl
mannooligosides). A further novelty is the use of a natural
β-mannan donor substrate. Mass spectrometry was used as a
novel screening method to estimate the initial degree of
alcoholysis products (DA) early in reactions where a signifi-
cant amount of donor substrate remains. DA reflects the frac-
tion of total products that are alkyl mannooligosides. One β-
mannanase (TrMan5A) was selected for further optimization
on the basis of highest DA values and stable product during
prolonged incubations. Using pre-hydrolyzed β-mannan as
donor substrate, a sufficiently large reaction was set up to
allow product characterization. The synthesized hexyl
mannooligosides were separated and quantified using
reversed-phase liquid chromatography, their structures were
characterized, and their basic surfactant properties were
determined.

Materials and methods

Cloning, expression, and purification

TrMan5A was produced in the host T. reesei as described
earlier (Hägglund et al. 2003) and was lyophilized. An aliquot
of the obtained powder was solubilized in 50 mM sodium
acetate buffer (pH 5.3). To remove saccharides present in the
enzyme powder, the solution was concentrated by centrifuga-
tion in a spin column with 10 kDa cutoff followed by dilution
in the buffer and this procedure was repeated several times.

For production of TrMan5A-R171K, Pichia pastoris X-33
cells transformed with the constructed plasmid encoding
TrMan5A-R171K as described previously (Rosengren et al.
2012) were cultured and expressed as described in the
EasySelect™ Pichia expression kit manual (Invitrogen,
Lidingö, Sweden). The cells were streaked on an agar plate

containing yeast extract peptone dextrose (YPD)mediumwith
100 μg/mL Zeocin™ and incubated at 30 °C for 3 days. One
colony was transferred to a 250-mL baffled Erlenmeyer flask
containing 50 mL buffered glycerol-complex medium
(BMGY) and incubated at 30 °C and 250 rpm to an OD600

of 2.0. The culture was then centrifuged for 30 min, the su-
pernatant was discarded, and the pellet was dissolved in
400 mL buffered methanol-complex medium (BMMY) to an
OD600 of 1.0 in two 2-L baffled Erlenmeyer flasks for expres-
sion. The expression culture was incubated at 30 °C and
250 rpm with methanol added every 24 h to a final concentra-
tion of 0.5%. Culture enzyme activity was monitored with the
β-mannanase activity assay described below. After 6 days of
expression, the supernatants were harvested by centrifugation
and the cell pellets were discarded. The supernatant was con-
centrated and changed to 10 mM Tris-HCl buffer (pH 7.8)
using spin columns with 10 kDa cutoff. Anion exchange chro-
matography was performed on a BioLogic DuoFlow FPLC®

System (Bio-Rad, Hercules, CA, USA) with a 6-mL Resource
Q anion exchange column (Amersham Pharmacia Biotech,
Uppsala, Sweden). The flow rate was 1 mL/min, and 40 frac-
tions of 5 mL each were collected over a sodium chloride
gradient of 0–0.5 M. The purest fractions, evaluated with so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Rosengren et al. 2012), were pooled and
changed to 50 mM sodium acetate buffer (pH 5.3) using a
spin column with 10 kDa cutoff.

For production of AnMan5C, P. pastorisX-33 cells contain-
ing the gene encoding the enzyme were obtained from the
Fungal Genetics Stock Center (FGSC), School of Biological
Science, University of Missouri (Kansas City, MO, USA), with
accession number 10106 (AN6427.2). The gene was previous-
ly cloned from complementary DNA of A. nidulans by others
(Bauer et al. 2006). The cells were cultured and expressed, and
the supernatant was harvested in the same way as described for
TrMan5A-R171K above. AnMan5C was purified as described
previously (Rosengren et al. 2014). The supernatant was con-
centrated by centrifugation in a spin columnwith 10 kDa cutoff.
His-tag purification was performed with a 1-mL Ni-NTA
Superflow cartridge according to the manufacturer’s recom-
mendations (Qiagen, Hilden, Germany). Fractions with pure
protein, verified by SDS-PAGE, were pooled and changed to
50 mM sodium acetate buffer (pH 5.5), by centrifugation using
a 10-kDa cutoff spin column.

Protein concentrations were determined using a
NanoDrop® ND-1000 spectrophotometer (Saveen Werner,
Malmö, Sweden) by measuring absorbance at 280 nm as de-
scribed previously for TrMan5A and TrMan5A-R171K
(Rosengren et al. 2012) as well as for AnMan5C (Rosengren
et al. 2014).

As assay buffers, 50 mM sodium acetate buffer (pH 5.3) for
TrMan5A and TrMan5A-R171K and 50 mM sodium acetate
buffer (pH 5.5) for AnMan5Cwere used if not otherwise stated.
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The 1-hexanol was dried with a 3 Å molecular sieve (Sigma-
Aldrich, St. Louis, MO, USA) for at least 24 h before use.

β-Mannanase activity assay

β-Mannanase activity was assayed with 0.5% (w/v) locust
bean galactomannan (LBG) (Sigma-Aldrich) in buffer using
a scaled-down version of the 3,5-dinitrosalicylic acid (DNS)
method described previously (Stålbrand et al. 1993). Six mi-
croliters of adequately diluted enzyme was mixed with 54 μl
of 0.5% (w/v) LBG in a 96-well plate and incubated for 10min
at 37 °C in a PTC-200 thermocycler (Bio-Rad). One hundred
twenty microliters DNS was added to the mixture to stop the
reaction. The mixture was heated at 95 °C for 5 min and
subsequently cooled in the thermocycler before the absor-
bance was measured at 540 nm in a SpectraCount™ plate
reader (Packard, Meriden, CT, USA). The concentration of
reducing ends was calculated from a standard curve of
mannose.

β-Mannanase stability in alcohol

The stability of the three β-mannanases was tested in 25, 50,
and 75% (v/v) methanol; in 5 and 25% (v/v) 1-hexanol; and
without any alcohol. The three enzymes were each diluted
with assay buffer and alcohol at the abovementioned concen-
trations prior to incubation. The stability test was performed at
room temperature and at 37 °C. After 0, 2, 6, and 24 h of
incubation, samples were taken and residual β-mannanase
activity was assayed in each sample as described above.

Alcoholysis with M4 and methanol

Alcoholysis with methanol was performed by incubating
2 μM of each enzyme with 5 mM mannotetraose (M4) and
25% (v/v) methanol in 20 mM buffer at 37 °C for 4 h
(Rosengren et al. 2012). Samples were taken every hour and
analyzed with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) as de-
scribed previously (Hekmat et al. 2010; Rosengren et al.
2012). 0.5 μL of each reactionmixture was applied and quick-
ly dried by heating on a stainless steel target plate. Then,
0.5 μL matrix (10 mg/mL 2,5-dihydroxybenzoic acid (DHB)
in water) was applied over the sample and quickly dried by
heating. A 4700 Proteomics Analyzer (Applied Biosystems,
Foster City, CA, USA) in positive reflector mode was used
with a laser intensity of 5000. Fifty subspectra with 20 shots
on each were accumulated from a sample to generate a spec-
trum. Data Explorer version 4.5 (Applied Biosystems) was
used for data analysis.

Alcoholysis with M4 and 1-hexanol

Alcoholysis with 1-hexanol was performed in the sameway as
described with methanol, except that 25% (v/v) 1-hexanol was
used instead of methanol, and prior to the sampling of the
reaction mixture, the tube was shaken to mix the two phases.
Reactions with TrMan5A were also performed with varying
enzyme concentrations (0.2, 2, and 4 μM) and M4 concentra-
tions (5, 25, and 50 mM). Duplicate incubations were ana-
lyzed with MALDI-TOF MS as described above, except that
the samples were diluted 10-fold in Milli-Q water before be-
ing applied on the target plate due to the presence of hexanol.
In addition, reactions with 5, 25, and 50 mM M4 were ana-
lyzed with high-performance anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) in
order to analyze the rate of M4 degradation in these reactions,
using an ICS-5000 system and a CarboPac PA200 column
(Thermo Fisher Scientific, Waltham, MA, USA).

Calculation of degree of alcoholysis products

In alcoholysis reactions with both alcohol and water present
together with a donor saccharide, both hydrolysis products
(oligosaccharides) and alkyl glycosides are likely formed.
The product formation (here analyzed with MALDI-TOF
MS) can be described by the DA, reflecting the fraction of
total products that are alkyl mannooligosides. To make an
initial estimation of the DA for a given reaction, the peak areas
of alkyl mannooligosides and mannooligosaccharides that
have accumulated from the start of a reaction to the sampling
time were obtained from the same MALDI-TOF MS spec-
trum. Since different compounds are expected to have differ-
ent response factors in MALDI-TOF MS (Duncan et al.
2008), the DA determined in this way does not reflect the
absolute concentration relation of products. However, DA
analysis can still serve as a straightforward initial method to
compare different enzymes and/or reaction conditions. In this
case, to estimate DA in reactions with M4 as donor substrate,
the MALDI-TOF MS peak areas of the alcoholysis products
(alkyl mannooligosides) and oligosaccharide products were
determined. Hexyl mannoside and mannose (M1) were ex-
cluded in the present study due to being minor reaction prod-
ucts (very low MALDI-TOF MS response), and M4 was ex-
cluded due to being the reaction donor substrate. DAwas then
calculated from MALDI-TOF MS peak areas according to
Eq. (1).

DA ¼
Total area of alkyl mannooligosides

Total area of oligosaccharide products and alkyl mannooligosides

ð1Þ

The initial DAvalues after 1 h of incubation were calculat-
ed for reactions with 2 μM TrMan5A, TrMan5A-R171K, or
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AnMan5C with 5 mM M4 and 25% (v/v) methanol or 1-
hexanol, as well as during the course of further reactions with
1-hexanol.

Separation and quantification of hexyl
mannooligosides

To separate and quantify the synthesized hexyl
mannooligosides, the reaction was performed as described
above with 25% (v/v) 1-hexanol, 0.2 μM TrMan5A, and
25 mM M4 for up to 8 h. Samples were taken every 2 h,
and the reaction was stopped by heating the samples at
95 °C for 5 min. The samples were then diluted fourfold
with water and acetonitrile (ACN) to 20% (v/v) ACN. The
diluted samples were analyzed on an UltiMate 3000 high-
performance liquid chromatography (HPLC) system
(Thermo Fisher Scientific) using an Acclaim RSLC 120
C18 column with a Corona charged aerosol detector
(CAD). Five microliters of each sample was injected and
separated with a 0.5 mL/min mobile phase composed of
85% of 0.1% (v/v) acetic acid in water and 15% ACN
over 20 min at a column temperature of 40 °C.
Concentrations of hexyl mannooligosides were estimated
using a standard curve of hexyl-β-D-maltoside (Sigma-
Aldrich). Fractions were collected at chromatogram peaks
during HPLC separation and analyzed with MALDI-TOF
MS in order to determine peak identities.

Calculation of alcoholysis/hydrolysis ratio

In order to more accurately and mechanistically describe the
competition between alcohol and water in the reaction mix-
ture with TrMan5A, the alcoholysis/hydrolysis ratio (rA/rH)
was calculated as described in the literature (van Rantwijk
et al. 1999). In kinetically controlled transglycosylation re-
actions with alcohol as the main (non-water) acceptor, rA/rH
describes the prevalence of the covalent intermediate being
attacked by alcohol as opposed to water. Due to hexyl
mannobioside (hexyl-M2) being the dominant alkyl
mannooligoside produced by TrMan5A, rA/rH was calculat-
ed according to Eq. (2) based on HPLC and HPAEC-PAD
quantifications of hexyl-M2 and mannobiose (M2), respec-
tively. Hydrolysis of M4 generates two M2 molecules, while
alcoholysis generates M2 and hexyl-M2 in equimolar
amounts (Fig. 1). Thus, the denominator is calculated by
subtracting [alkyl-M2] from [M2] and dividing the obtained
value by 2.

rA
rH

¼ alkyl−M2½ %
M2½ %− alkyl−M2½ %ð Þ=2 ð2Þ

From the initial rA/rH, the theoretical yield (η) was extrap-
olated according to Eq. (3) (van Rantwijk et al. 1999) and

compared with experimental yield to assess secondary hydro-
lysis of alcoholysis products.

η ¼ rA=rH
1þ rA=rH

ð3Þ

The selectivity factor (Sc) indicating the enzyme’s selectiv-
ity for the alcohol (Adlercreutz 2017; Hansson and
Adlercreutz 2001) was also calculated from the initial rA/rH
according to Eq. (4). In the case of 1-hexanol, the concentra-
tions of 1-hexanol (5.9 g/L, equal to 58mM) and water (55M)
in the water phase of the reaction mixture were used to calcu-
late Sc.

Sc ¼
rA
rH

' water½ %
alcohol½ %

ð4Þ

Preparative synthesis and purification of hexyl
mannooligosides

To prepare sufficient amounts of hexyl mannooligosides for
characterization, the alcoholysis reaction was scaled up.
Mannooligosaccharides were prepared by hydrolysis of 4 g
ivory nut mannan (INM) (Megazyme, Bray, Ireland) for 4 h
by 0.25 μM of the GH26 β-mannanase from Podospora
anserina, PaMan26A (Couturier et al. 2013; von Freiesleben
et al. 2016), in 400 mL of 20 mM ammonium acetate buffer
(pH 5.3) at 40 °C in a 2-L baffled Erlenmeyer flask with shak-
ing at 150 rpm. The oligosaccharide composition of the
resulting hydrolysate was determined with HPAEC-PAD, and
the hydrolysate was lyophilized. Hydrolysate with 25 mM of
M4 was then used as donor substrate in a 35-mL reaction with
25% (v/v) 1-hexanol and 0.2 μM TrMan5A in 20 mM sodium
acetate buffer (pH 5.3). The reaction was performed for 8 h at
37 °C and then stopped by boiling for 5 min. Hexyl
mannooligosides in the sample were quantified with HPLC as
described above. The obtained hexyl mannooligosides were
then purified with preparative HPLC using aWaters Symmetry
C18 Prep column using a 1260 Infinity system (Agilent
Technologies, Santa Clara, CA, USA), with a 10–45% gradient
of ACN versus 0.1% formic acid in water over 9 min at room
temperature, followed by a steeper gradient of 45–90% ACN
over 2 min and, finally, a wash step with 90% ACN for 2 min.
Fractions were collected during the entire separation and ana-
lyzed with MALDI-TOF MS to identify fractions containing
hexyl mannooligosides. The identified fractions were then
pooled, lyophilized, and redissolved in 25 μl Milli-Q water.

Structural characterization of hexyl mannooligosides

For structural analysis, an aliquot of the lyophilized hexyl
mannooligoside mixture synthesized above was analyzed
with MALDI-TOF MS as described above. Peaks
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corresponding to hexyl mannooligosides were then
fragmented with MALDI-TOF/TOF tandem MS. From each
precursor mass, to generate a spectrum, 10 subspectra were
collected in positive reflector mode with 125 shots per
subspectrum at a laser intensity of 6000.

Further structural analysis was carried out with nuclear
magnetic resonance (NMR) spectroscopy. Before analysis,
the lyophilized sample of hexyl mannooligosides was dis-
solved in 500 μl of 99.8% D2O, equilibrated at room temper-
ature overnight, lyophilized, and redissolved and equilibrated
overnight again in 500 μl of 99.8% D2O.

1H, 13C, correlation
spectroscopy (COSY), total correlation spectroscopy
(TOCSY), heteronuclear multiple-bond correlation (HMBC),
and heteronuclear single quantum coherence (HSQC) NMR
spectra were recorded at 10 °C and a 1H spectrum also at
25 °C, on an Bruker Avance III spectrometer (Bruker,
Billerica, MA, USA) at 500.17 and 125.78 MHz for 1H and
13C, respectively. Chemical shifts were given in ppm relative
to tetramethylsilane (TMS) as external standard. Additionally,
1H NMR was used to quantify the hexyl-M2 and hexyl
mannotrioside (hexyl-M3) in the sample by comparing it to
reference samples of hexyl-β-D-maltoside. The same sample
was also analyzed and quantified with HPLC, using hexyl-β-
D-maltoside as standard.

Determination of critical micelle concentration

In order to evaluate the surfactant properties of the synthesized
hexyl mannooligosides, surface tension was measured as a
function of hexyl mannooligoside concentration using a
PAT-1 Drop and Bubble Shape Tensiometer (SINTERFACE
Technologies, Berlin, Germany). This technique is based on
analyzing the shape of the drop or bubble as described in the
literature (Berry et al. 2015; Javadi et al. 2013). The shape is
determined by the surface tension that strives to make a spher-
ical drop and gravity forces that elongate the drop, which can
be described by the Young-Laplace equation (Berry et al.
2015). The profile of the pendant drop was captured by a
charge-coupled device (CCD) camera. To record data on small
sample volumes, a 100-μl syringe with a needle that has an
external diameter of 1.0 mm was fitted to the instrument and
the sample was ejected manually. A typical drop volume was
5 μl. Since the technique is non-destructive, the same solution
was reused for the following measurements, starting with the
highest concentration and diluting to obtain the necessary con-
centration for the next point in the curve. If needed, the sample
was freeze-dried between measurements. Measurements were
performed at 22 °C for 350 s each and at least twice for every
concentration. For comparison, surface tension curves were
obtained in the same way with hexyl-β-D-glucoside and
hexyl-β-D-maltoside individually and in a mixture with a
0.53:1 mole ratio.

Results

β-Mannanase stability in the presence of alcohol

To see if TrMan5A, TrMan5A-R171K, and AnMan5C
retained their β-mannanase activity in the presence of alco-
hols, enzyme stability was evaluated with several concentra-
tions of methanol and 1-hexanol, with activity assayed at reg-
ular time intervals. The three enzymes retained 80–100% of
initial activity over 24 h at 37 °C with 25% methanol or 5% 1-
hexanol (Fig. S1). The enzymes were moderately stable with
25% 1-hexanol, retaining 75–90% of initial activity for at least
6 h. Higher methanol concentrations decreased stability fur-
ther, with 75% methanol deactivating all three enzymes after
2 h.

Alcoholysis with M4 and methanol

In order to screen the enzymes’ capacity to catalyze
alcoholysis, each enzyme was incubated with 5 mM M4 and
25% (v/v) methanol at 37 °C for up to 4 h. Alcoholysis prod-
ucts (methyl mannooligosides) and oligosaccharide products
were detected with MALDI-TOF MS. After 1 h, the dominat-
ing product for both TrMan5A and AnMan5C was M2 follow-
ed by methyl mannobioside (methyl-M2) (Fig. 2), with
TrMan5A also producing some mannotriose (M3) and methyl
mannotrioside (methyl-M3). The dominating products for
TrMan5A-R171K are M3 and methyl-M3 followed byM2 and
methyl-M2. This is consistent with the observed subsite bind-
ing mode preferences with M4 for TrMan5A and TrMan5A-
R171K (Rosengren et al. 2012). The R171K substitution in
the + 2 subsite of TrMan5A was previously shown to reduce
the frequency of binding modes involving the + 2 subsite
(Rosengren et al. 2012).

To advance the evaluation of alcoholysis with methanol by
the three enzymes, the initial DA in the above reactions with
methanol and M4 was calculated based on MALDI-TOF MS
peak areas of alcoholysis products and oligosaccharide prod-
ucts according to Eq. (1) (Table 1). DA values reflect the
fraction of total products that are alcoholysis products and
allow comparison between enzymes as described in the
“Materials and methods” section. The most effective enzymes
to perform alcoholysis withM4 and methanol were TrMan5A-
R171K and AnMan5C with initial DAvalues after 1 h of 0.43
and 0.42, respectively, followed by TrMan5A with a DA of
0.33 (Table 1). In addition, minor amounts (< 2% of total
product peak area) of saccharides with degree of
polymerisatio (DP) 5–9 were detected in incubations with
TrMan5A and AnMan5C, indicating transglycosylation with
saccharides as acceptors, but not with TrMan5A-R171K, in
line with previous studies (Dilokpimol et al. 2011; Rosengren
et al. 2012). The reactions were further followed during 4 h
with sampling every hour, showing differences in DA during
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the course of the reactions. Both TrMan5A and AnMan5C
show a maximum DA at 1 h. However, the DA beyond 1 h
was almost constant for TrMan5A and TrMan5A-R171K
while it dropped distinctly (> 10-fold) for AnMan5C, possibly
indicating secondary hydrolysis of the alcoholysis products.

Alcoholysis with M4 and 1-hexanol

In order to screen and evaluate alcoholysis capacity with a
longer-chain alcohol, 2 μM of each of the three enzymes
was incubated with 5 mM M4 and 25% (v/v) 1-hexanol for
up to 4 h. Alcoholysis products (hexyl mannooligosides) and
oligosaccharides were detected with MALDI-TOF MS, and
DA was calculated in the same way as with methanol above
according to Eq. (1). The dominating alcoholysis products
were of the same mannooligoside DP as those obtained from
alcoholysis with methanol, with TrMan5A producing mainly
hexyl mannobioside (hexyl-M2) and some hexyl
mannotrioside (hexyl-M3) (Fig. S2), TrMan5A-R171K main-
ly hexyl-M3 and some hexyl-M2, and AnMan5C exclusively
hexyl-M2. Oligosaccharides with DP 5–9 were again detected

in minor amounts (< 2% of total product MALDI-TOF MS
peak area) with TrMan5A and AnMan5C but not with
TrMan5A-R171K. However, the DA values for all three en-
zymes were significantly lower than corresponding values for
methyl mannooligosides produced by the same enzymes
(Table 1). After 1 h of incubation, TrMan5A had the highest
DA followed by TrMan5A-R171K and AnMan5C (Table 1).
Again AnMan5C showed a drop in DA (> 10-fold) over 4 h of
incubation, while TrMan5A and TrMan5A-R171K had al-
most stable DA values. On the basis of having the highest
initial DA with 1-hexanol among the assayed enzymes,
TrMan5A was chosen for further studies of alcoholysis with
1-hexanol.

Next, in order to optimize reaction conditions, the effect of
varying TrMan5A concentrations on DA was studied, using
5 mM M4 and 25% (v/v) 1-hexanol. Here, a lower enzyme
concentration (0.2 μM) resulted in a higher DA compared to
higher enzyme loads after 1 h (Fig. 3) where significant
amounts of M4 remained. The DA increased up to 1 h with
0.2 μM TrMan5A with a slight increase in DA over time
during the course of the reaction, and the highest DA was
observed after 4 h of incubation (Fig. 3). A slight decrease
in DAwas observed with the highest TrMan5A concentration
(4 μM) with increased incubation time, which could poten-
tially be a result of secondary hydrolysis (Fig. 3). TrMan5A at
a concentration of 0.2 μM resulted in the highest DA after 1 h
and a stable DA with increasing incubation time, and this
TrMan5A concentration was therefore used in subsequent
reactions.

Further optimization of reaction conditions was performed
by varying the concentration of the donor substrate, M4.
HPAEC-PAD quantification of the apparent rate of M4 degra-
dation was used in combination with DA values calculated
from MALDI-TOF MS peak areas (Eq. (1)) in order to

Fig. 2 MALDI-TOF-MS spectra of alcoholysis reaction with methanol
after 1 h. Peaks correspond to experimentally determined monoisotopic
masses of sodium adducts of present mannooligosaccharides and methyl
mannooligosides. The theoretical monoisotopic sodium adduct masses of

these compounds are as follows: M1, 203.05; M2, 365.11; M3, 527.16;
M4, 689.21; methyl-M1, 217.07; methyl-M2, 379.12; and methyl-M3,
541.17

Table 1 Degree of alcoholysis products (DA) (average of three
MALDI-TOF MS spectra ± standard deviation) after 1 h of incubation
with 5mMM4, 25% (v/v) methanol or 1-hexanol, and 2μMof TrMan5A,
TrMan5A-R171K, or AnMan5C

Enzyme DA (methanol) DA (1-hexanol)

TrMan5A 0.33 ± 0.04 0.026 ± 0.003

TrMan5A-R171K 0.43 ± 0.01 0.010 ± 0.001

AnMan5C 0.42 ± 0.01 0.004 ± 0.001

DAvalues were calculated from MALDI-TOF MS peak areas according
to Eq. (1)
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estimate hexyl mannooligoside product yields with 5, 25, or
50 mM M4. The use of 5 mM M4 resulted in substrate deple-
tion after 1 h, whereas the reaction continued with the higher
concentrations. After 4 h of incubation, the reactions with 5
and 25 mMM4 had similar DAvalues, but a higher rate of M4

conversion was observed with 25 mM M4 (Table 2). This
suggests a higher hexyl mannooligoside yield with 25 mM
M4. The DAwas lower with 50 mM M4, possibly as a result
of increased transglycosylation with saccharides as acceptors
as indicated by higher MALDI-TOF MS detection of oligo-
saccharides with DP 5–9. After 4 h of incubation, saccharides
with DP > 4 represented 1.4, 8.6, and 15% of total product
peak area with 5, 25, and 50 mMM4, respectively. Also, with
25 and 50 mMM4, substantial amounts of M4 remained after
4 h, indicating the possibility of higher hexyl mannooligoside
production if the reaction would be prolonged. Therefore, an
extended reaction time of 8 h with 25 mM M4 was analyzed,
and the reaction followed the same profile as the 4-h reaction,
while the DA increased further as M4 was fully consumed
(Table 2). Based on these results, an M4 concentration of
25 mM and a reaction time of up to 8 h were selected for

reaction scale-up as well as HPLC separation and quantifica-
tion of hexyl mannooligosides (see the next section).

Purification and quantification of hexyl
mannooligosides

Reversed-phase (C18) HPLC with hexyl β-D-maltoside as
standard was used to analyze reaction mixtures with 0.2 μM
TrMan5A, 25 mM M4, and 25% (v/v) 1-hexanol to more ac-
curately separate and quantify hexyl mannooligosides pro-
duced by alcoholysis with TrMan5A. Analytical separation of
hexyl-M2 and hexyl-M3 was obtained with HPLC as con-
firmed with MALDI-TOF MS peak mass identification (m/z
values of 449.14 and 611.18 for hexyl-M2 and hexyl-M3, re-
spectively) (Fig. 4). Retaining β-mannanases are unequivo-
cally expected to yield transglycosylation products (in this
case, hexyl mannooligosides) with the same β-anomeric con-
figuration as the donor substrate (Harjunpää et al. 1995;
Sinnott 1990). Thus, the expected β-configured structures of
the synthesized hexyl-M2 and hexyl-M3 are shown in Fig. 5.
When the M4 was fully consumed after 8 h of incubation (DA

Fig. 3 Degree of alcoholysis
products (DA) over 0–4 h of
incubations with 5 mM M4, 25%
(v/v) 1-hexanol, and 0.2, 2, or
4 μM TrMan5A. Error bars
represent deviations between
duplicate samples

Table 2 Rates of mannotetraose (M4) consumption and degree of
alcoholysis products (DA) (average ± deviation between duplicate
samples) at 1 and 4 h for alcoholysis reactions with 0.2 μM TrMan5A,

25% (v/v) 1-hexanol, and 5, 25, or 50mMM4. The lack of rate at 4 h with
5 mM M4 is due to the M4 being consumed after 1 h

[M4] (mM) M4 rate at 1
h (μM/min)

M4 rate at 4
h (μM/min)

DA at 1 h DA at 4 h DA at 8 h

5 95 ± 4.7 –a 0.051 ± 0.016 0.043 ± 0.010 –b

25 123 ± 5.2 66 ± 10 0.022 ± 0.005 0.040 ± 0.002 0.059 ± 0.009

50 120 ± 84 60 ± 44 –c 0.021 ± 0.006 –b

Twenty-five millimolars of M4 was selected for prolonged (8-h) reaction (rightmost column)
aM4 consumed
b Reaction not carried out
c No hexyl mannosides detected
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value 0.059, Table 2), the concentration of the dominant
alcoholysis product (hexyl-M2) was 0.48 mM, corresponding
to a yield of 1.9% based on the initial M4 concentration.

Based on the M2 and hexyl-M2 concentrations after 2 h of
incubation (8.1 and 0.13 mM, respectively), the rA/rH was
calculated according to Eq. (2), reflecting the competition be-
tween alcohol and water in attacking the covalent intermedi-
ate. Under these conditions (i.e., 0.2 μM TrMan5A and
25 mM M4), the rA/rH of TrMan5Awith 1-hexanol (25% (v/
v)) was 0.033, corresponding to a theoretical alcoholysis prod-
uct yield of 3.2% (Eq. (3)). Since the experimentally deter-
mined yield was 1.9%, the difference could possibly be the
result of secondary hydrolysis (van Rantwijk et al. 1999).
Although DA remained stable during prolonged incubations
at lower M4 concentrations (Fig. 3), it is possible that second-
ary hydrolysis might become more prominent at higher M4

concentrations, assuming that hexyl mannooligosides would
then be produced in higher amounts. With the assumption that
the reaction occurs in the water phase (1-hexanol concentra-
tion 5.9 g/L or 58 mM), the enzyme’s Sc for 1-hexanol was
calculated (Eq. (4)). Sc describes the relative preference of an
enzyme for an acceptor over water on an equimolar basis. In
this case, Sc was calculated to be 31, indicating a strong pref-
erence of the TrMan5A-catalyzed reaction for 1-hexanol over
water at the reaction conditions used. This is higher than Sc
values for 1-hexanol in the range of 0.5–9 which have been
observed with some other GHs (Adlercreutz 2017; Hansson
and Adlercreutz 2001; Lundemo et al. 2017), but slightly low-
er than the Sc of 58 for 1-hexanol observed with the
Thermotoga neapolitana β-glucosidase Bgl3B (Turner et al.
2007).

Preparative synthesis and purification

In order to produce sufficient amounts of the identified hexyl
mannooligosides for characterization, the reaction was scaled

up. Here, a polymeric substrate, the linear INM polysaccha-
ride, was used to obtain the donor saccharides. INM was pre-
hydrolyzed into soluble mannooligosaccharides by
PaMan26A (Couturier et al. 2013), with M4 being the main
oligosaccharide produced as analyzed with HPAEC-PAD
(Table S1). Using this as donor substrate for alcoholysis with
1-hexanol, TrMan5A produced 0.16 mM hexyl-M2 and
0.094 mM hexyl-M3 in an 8-h reaction. Here, the yield of
the major alcoholysis product, hexyl-M2, was 0.6% based on
initial M4 concentration. With preparative reversed-phase
(C18) HPLC purification, a mixture consisting of 1.3 mg
hexyl-M2 and 1.1 mg hexyl-M3 was obtained as a lyophilized
powder.

Structural characterization of hexyl mannooligosides

After having synthesized and purified a mixture of hexyl-M2

and hexyl-M3, their structures were characterized. First, they
were analyzed with MALDI-TOFMS, and peaks correspond-
ing to the masses of hexyl-M2 and hexyl-M3 were fragmented
with MALDI-TOF/TOF tandem MS. The observed fragmen-
tation masses were consistent with those expected from the
predicted structures (Fig. 5). Hexyl-M2 fragmented into M2 (–
H2O) and hexyl-M1, while hexyl-M3 also fragmented into M3

Fig. 4 Chromatogram showing
separation of hexyl
mannooligosides with reversed-
phase HPLC using a C18 column.
The two inserts show MALDI-
TOF MS spectra with peak mass
identifications corresponding to
monoisotopic sodium adduct
masses of hexyl-M3 (theoretical
mass 611.25) and hexyl-M2

(theoretical mass 449.20)

Fig. 5 The predicted structure of hexyl β-D-mannobioside (top) and
hexyl β-D-mannotrioside (bottom)
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(–H2O) and hexyl-M2 in addition to the above two fragments
(Fig. S3).

To obtain more detailed structural information, the hexyl
mannooligosidemixture was analyzed with NMR. In 1H spec-
tra collected at 10 °C, chemical shifts corresponding to
anomeric protons (H-1) of three mannosyl units were ob-
served at 4.67, 4.72, and 4.75 ppm and C-2 protons (H-2) at
4.0–4.2 ppm (Fig. 6). The chemical shifts at 4.72 and
4.75 ppm are in good agreement with H-1 shifts in terminal
and in te rna l β -mannosy l un i t s repor ted for β -
mannooligosaccharides previously (Harjunpää et al. 1995).
Furthermore, with edited HSQC, the protons on the carbon
of the hexyl –CH2 group adjacent to an oxygen atom can also
be identified (Fig. S4). The carbon on this –CH2 group was
observed to be coupled to the anomeric proton at 4.67 ppm in
HMBC spectra, thus confirming bonding of the hexyl to that
anomeric position (Fig. S4). No other chemical shift of
anomeric protons showed such a correlation, and our conclu-
sion is that both mannobiosides and mannotriosides in the
sample have their anomeric proton chemical shift at 4.67 ppm.

Additionally, with 1H NMR at 25 °C, a coupling constant
between H-1 and H-2 (J1,2) of 0.8 Hz was observed based on
H-2 peak splitting on the hexyl-substituted mannosyl units
(Fig. S5), which is consistent with previously reported J1,2
values of ~ 1 Hz for β-mannosyl H-1s (Harjunpää et al.
1995; Lundqvist et al. 2002). We also observed a coupling
constant between H-2 and H-3 (J2,3) of 3.1 Hz (Fig. S5).

Since internal β-mannosyl units coupled to an adjacent
mannosyl are only present in hexyl-M3, whereas terminal β-
mannosyl units exist in both hexyl-M2 and hexyl-M3, the peak
integral ratio of internal H-1 at 4.75 ppm to that of terminal
H-1 at 4.72 ppm gives the fraction of hexyl mannooligosides
that are hexyl-M3. In the

1H NMR spectrum (Fig. 6), the ratio
is 38:86. From this ratio, the amounts of hexyl-M2 and
hexyl-M3 were determined to be 0.43 and 0.47 mg,

respectively, using hexyl CH2 quantification based on refer-
ence samples of hexyl-β-D-maltoside. The same sample was
also quantified with HPLC using hexyl-β-D-maltoside as stan-
dard, with the amounts of hexyl-M2 and hexyl-M3 determined
to be 0.57 and 0.48 mg, respectively.

Determination of critical micelle concentration

To evaluate the surfactant properties of the purified hexyl
mannooligosides, the critical micelle concentration (CMC)
of the hexyl mannooligoside mixture was determined by
means of surface tension measurements at different surfactant
concentrations. The CMC was estimated from the breakpoint
in the surface tension versus surfactant concentration curve
(Dominguez et al. 1997). The hexyl mannooligoside surface
tension curve indicates two breakpoints around 44 g/L
(90 mM) and 72 g/L (147 mM) (Fig. 7), suggesting that the
CMCs for the individual hexyl mannooligosides (hexyl-M2

and hexyl-M3) are in this region. For reference, surface ten-
sion measurements were also conducted with hexyl-β-D-glu-
coside and hexyl-β-D-maltoside individually and in mixtures
with a molar ratio of 0.53:1. The results with two breakpoints
at 26 g/L (82 mM) and 62 g/L (194mM) in the surface tension
curve of the reference mixture show the same trend as for the
hexyl mannooligoside mixture (Fig. S6). The two breakpoints
correspond to the CMCs of hexyl-β-D-glucoside (29 g/L or
110 mM) and hexyl-β-D-maltoside (59 g/L or 137 mM) de-
termined separately (Fig. S6).

Discussion

The study and application of β-mannanases is of fundamental
importance for the utilization and valorization of plant bio-
mass due to the high amounts of β-mannan in prevalent

Fig. 6 1H NMR spectrum of the
synthesized hexyl
mannooligosides. Peaks
corresponding to anomeric
protons (H-1) and C-2 protons
(H-2) as well as protons on the β,
γ, δ, ε, and ζ carbons of the hexyl
chain (H-β, H-(γ,δ,ε), and H-ζ)
are indicated within brackets.
Integral values for different peaks
relative to the H-β peak are
shown beneath the x-axis. The
insert shows an enlargement of
the region of the spectrum
containing the three H-1 shifts as
indicated with the dashed lines
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softwoods such as spruce (Lundqvist et al. 2002; Moreira and
Filho 2008; Yamabhai et al. 2016). The present study de-
scribes the first reported instance of β-mannanase-catalyzed
synthesis of alkyl mannosides with surfactant properties and
opens up the possibility of using renewable β-mannans for
enzymatic synthesis of surfactants. 1-Hexanol was used as
acceptor, and polymeric β-mannan was used to prepare donor
saccharides (mainly M4). Previous studies have demonstrated
the alcoholytic capabilities of β-mannanases with shorter-
chain primary alcohols such as methanol and 1-butanol
(Rosengren et al. 2012; Rosengren et al. 2014). Transfer with
1-hexanol as acceptor has been demonstrated with other GHs
such as β-mannosidases (Itoh and Kamiyama 1995),
xylanases (Jiang et al. 2004), and β-glucosidases (Lundemo
et al. 2013; Lundemo et al. 2014; Lundemo et al. 2017; Turner
et al. 2007).

In the current study, relative MALDI-TOF MS peak areas
of alcoholysis products and oligosaccharide products were
used to estimate DA, reflecting the fraction of alcoholysis
products formed in a reaction as explained in the “Materials
and methods” section. MALDI-TOF MS is a good screening
method for relative comparisons of enzymes and reaction con-
ditions, although additional methods are needed for absolute
quantification and the response cannot be expected to be the
same for different types of molecules due to potential ion
suppression in MALDI-TOF MS (Duncan et al. 2008).
Often thin-layer chromatography is used to make an initial
assessment of transglycosylation products (see, e.g., Jain
et al. 2014). In the present paper, we show that MALDI-
TOF MS analysis is an attractive alternative or a complemen-
tary screening method, which is at least as fast and gives
additional information on the mass of products and thus more
certain primary product identification.

In this study, the initial DAwith 1-hexanol was significant-
ly lower than with methanol for all three enzymes included in

the present study, indicating that 1-hexanol is more difficult to
use as acceptor in alcoholysis compared to methanol. Several
other studies have demonstrated decreasing yields of alkyl
glycosides with increasing alkyl chain lengths, a contributing
factor being the low water solubility of longer-chain alcohols
(Ochs et al. 2011; Turner et al. 2007). The accessibility and
properties of the positive subsite region are another factor that
may influence transglycosylation reactions using acceptors
with longer alkyl chains (Durand et al. 2016; Ochs et al.
2013).

Enzyme comparison revealed differences in alcoholysis
capacity between the studied enzymes. With 1-hexanol,
TrMan5A had the highest DA of the three β-mannanases
(Table 1). Acceptor affinity in positive subsites is known to
affect transglycosylation capacity (Rosengren et al. 2012;
Rosengren et al. 2014; Tran et al. 2014). The R171K substi-
tution in the + 2 subsite of TrMan5A has previously been
shown to eliminate transglycosylation with saccharides as ac-
ceptors but not alcoholysis with methanol (Rosengren et al.
2012). Therefore, it might be expected that the competing
reaction (with saccharides as acceptors) could be diminished.
It is interesting to note that a lower DA using 1-hexanol as
acceptor was observed with TrMan5A-R171K compared to
TrMan5A (Table 1). However, further investigation would
be needed to elucidate if R171 would have any role in the
usage of 1-hexanol as acceptor. The + 1 subsite of AnMan5C
contains a tryptophan, W283, that appears to facilitate
transglycosylation with saccharides as acceptors (Dilokpimol
et al. 2011), but here, a positive contribution to the usage of 1-
hexanol as acceptor is unlikely since the DAwas clearly low-
est among the tested enzymes. Based on the comparably high
DA for the wild-type TrMan5A (Table 1) and its stability
during prolonged incubations (Fig. 3), this enzymewas select-
ed for further studies of hexyl mannooligoside synthesis.

Varying reaction conditions can also affect alcoholysis
product yields. In alcoholysis with 1-hexanol and TrMan5A,
a lower enzyme concentration resulted in a moderate increase
in DA (Fig. 3). Enzyme concentration has previously been
shown to affect the observed ratio of hydrolysis products ver-
sus transglycosylation products, with a lower enzyme load
favoring transglycosylation products (Guo et al. 2016;
Manas et al. 2014), possibly due to increased secondary prod-
uct hydrolysis at higher enzyme loads. The slight decrease in
DA over time observed with the highest TrMan5A concentra-
tion used could possibly be the result of secondary hydrolysis
of hexyl mannooligosides (Fig. 3). The concentration of the
donor substrate (M4 in this case) also affected alcoholysis,
where a similar DA but a higher rate of M4 conversion was
observed with 25 mM M4 compared to 5 mM (Table 2).
Twenty-five millimolars of M4 was therefore used in subse-
quent reactions. However, increasing the M4 concentration
too much appears to reduce alcoholysis, since a lower DA
was observed with 50 mM M4. Since oligosaccharides with

Fig. 7 Surface tension plot of the purified hexyl mannooligoside mixture
as determined with drop shape tensiometry, showing two breakpoints
around 44 g/L (90 mM) and 72 g/L (147 mM). All data points are
averages of at least two measurements. Error bars indicate standard
deviations
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DP 5–9 were detected in the 50-mM reaction, this can possi-
bly be due to transglycosylation with saccharides as acceptors
competing with alcoholysis at higher M4 concentrations, sim-
ilar to the observed effect of transglycosylation on hydrolysis
in, e.g., β-glucosidases (Bohlin et al. 2013). Higher substrate
concentrations, in general, are expected to increase
transglycosylation (Sinnott 1990) as exemplified with, e.g., a
retaining GH5 β-mannosidase (Dias et al. 2004). The R171K
substitution in the + 2 subsite of TrMan5A (Rosengren et al.
2012) may still be valuable at higher donor saccharide con-
centrations where oligosaccharide elongation would be more
effective (Biely et al. 1981; Sinnott 1990), in line with prod-
ucts of DP 5–9 being detected with 50 mMM4 for TrMan5A.

In the scaled-up reaction, a polymeric β-mannan (INM)
was pre-hydrolyzed into mainly M4 by PaMan26A
(Couturier et al. 2013) and then used as donor substrate.
Using polymeric substrates for enzymatic synthesis represents
a step towards β-mannan utilization in biorefineries
(Cherubini 2010). The lower yield of alcoholysis products
observed with the pre-hydrolyzed INM compared to reactions
with M4 could be partially due to the presence of lower
amounts of other oligosaccharides (M2 and M3) in the hydro-
lysate (Table S1), which might act as acceptors for
transglycosylation and thereby possibly compete with
alcoholysis as described above (Bohlin et al. 2013).

We successfully managed to purify (Fig. 4) and characterize
the synthesized hexyl mannooligosides. The expected struc-
tures, hexyl β-mannobioside and hexyl β-mannotrioside
(Fig. 5), are supported by the MALDI-TOF MS/MS (Fig. S3)
and NMR data (Fig. 6, Fig. S4-S5). The surfactant properties of
the purified hexyl mannooligosides were also determined by
tensiometry. Two breakpoints in the surface tension versus con-
centration curvewere observed (Fig. 7), which suggests that the
solution is a mixture of two different types of surfactants with
different surface activities, in line with the concluded chemical
composition. This phenomenon has previously been observed
for mixtures of alkyl polyglucosides with different alkyl chain
lengths (Balzer and Luders 2000). Reference experiments with
hexyl-β-D-glucoside and hexyl-β-D-maltoside, with the same
alkyl chain length but different polar head groups, support this
observation (Fig. S6). The existence of a minimum around the
first breakpoint is consistent with the solubilization of the more
hydrophobic (or surface-active) surfactant in the micelles when
the total surfactant concentration increases (Lin et al. 1999).

In conclusion, β-mannanase-catalyzed synthesis of hexyl
mannooligosides with surfactant properties has been demon-
strated for the first time, using the Trichoderma reeseiGH5 β-
mannanase TrMan5A. Hexyl mannooligosides were synthe-
sized from β-mannan and 1-hexanol and purified using pre-
parative HPLC. Their surfactant properties were evaluated,
showing similar CMC values compared to commercially
available alternatives. Future studies could involve protein
engineering which is a strategy with potential to increase

transglycosylation rate and/or yield (Lundemo et al. 2013;
Lundemo et al. 2017). In some cases, subsite − 1 residues have
been substituted, shown to be an applicable route when using
activated (nitrophenyl) donor sugars and exo-glycosidases
(Bissaro et al. 2014; Teze et al. 2015; Teze et al. 2014).
When using natural non-activated donor sugars, as in the pres-
ent study, another approach would potentially be needed. For
β-mannanases (Dilokpimol et al. 2011; Rosengren et al. 2012)
and other GHs (Armand et al. 2001; Feng et al. 2005), positive
subsites have been shown to be important for saccharide ac-
ceptor interactions and thus influence transglycosylation ca-
pacity. Assuming that acceptor interaction is important also
for longer-chain alcohols, the properties of these alcohols
would imply that introduction of hydrophobic residues within
positive subsites could be beneficial for efficient
transglycosylation (Durand et al. 2016). Hydrophobic resi-
dues may also, in certain cases, reduce water accessibility
and lower hydrolysis (Kuriki et al. 1996). Future work with
β-mannanases and long-chain acceptors could involve identi-
fication of further positive subsite residues as targets for pro-
tein engineering.
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