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ABSTRACT 

The state of adsorbed water m a dextran gel has been mvestlgated by near­
mfrared and gravtmetnc-adsorptton techmques Water-vapor adsorption (desorpbon) 
isotherms at three temperatures are reported The calculated sorptton heats are found 
to be markedly temperature-dependent as well as dependent on the coverage The 
near-mfrared spectrum (4650-9000 cm- 1

) ts reported, together wtth tentabve 
assignments The H 2 0 combinatiOn (v+b) band at 5184cm- 1 has been exannned 
as a funcbon of relative huiDldtty The hue-shapes of this band ha:ve been analyzed 
by a recently establtshed, Founer-mversiOn techmque, and mformanon on the 
nncrodynanuct. of the adsorbed water molecules has been resolved on the picosecond 
tlme-~cale At low and mtermediate degrees of hydration, reonentat1onal Jumps take 
place With penods from four to siX ttmes longer than those for free water The onset 
of saturabon IS then accom:pamed by the sudden removal of the reonentattonal 
JUmps A companson of microdynamxcal and thermodynarmc data mdtcates the 
hydration mecharusm to be highly cooperative at all relat:J.ve humidities 

'INTRODUCTION 

The study of water-carbohydrate mteractlons remams an Important area of 
research, as such mteracttons are ubiquitous in bmlogtcal systems and significant m 
many mdustnal applications Cellulose-water mteractlons have been mtens1vely 
studied for over three decades and have been extensively reviewed 1-

3
• Starch-water 

mteractlons have been studied by n.m r 4-
7 , Isothermal water-vapor adsorption 

( desorptiOi1)8- 13, and deutenum exchange14 techmques Nortbcote potnted out Is the 
phystolog1cal importance of water-carbohydrate Interactions In hts early compansons 
of water-vapor sorption by dextran, a vanety of glycogens, and assorted yeast cell-wa:ll 
carbohydrates Agar gel-water mteractlons have been Investigated _by n m r · 
methods16, and amylose hydration has been studied by X-ray and deutetlUlil­
exchange techmques 14

•
17

• HydratiOn of dextran has been remvestigated by X-ray and 
isothermal vapor-sorption methods 13 18 Many carbohydrate polymers are non-ngtd 
and exhtb1t sigruficant swelling with mcreasmg water content In addtt1on, thetr water-
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vapor adsorptwn-desorptwn Isotherms often undergo marked hysteresis, whtch 
effects have usually been mterpreted m terms of capillary-condensation theones11 12 1 5 

and stenc rearrangements2 9 10 17 

These hysterest~ effects ratse stgmficant questwns regardmg the mechamsm of 
carbohydrate hydration (dehydration) and assocmted swellmg phenomena Some of 
these questwns are To whtch functional groups of the sacchande monomer and 
cross lmkages do adsorbed water molecules bmd? What IS the sequence of hydratwn 
of the different functional groups? What are the strengths (heats) of these mteracbons "J 

Are the bound water molecules attached as hydrogen-bond acceptors (I) or as 
hydrogen-bond donors (II and III)? 

H 

I 
o-........ 

H 

Addxtwnal questiOns pertam to the microdynamics of adsorbed water What 1s the 
rotational freedom (restnctwn) of the adsorbed water molecules? How are the 
m1crodynamtcs of the adsorbed water molecules modulated by the perturbmg potential 
field of the adsorption sttes and surroundmg furtctlonal groups (and netghbormg 
water molecules)? 

We report herein the results of neat-Infrared and water-vapor adsorption 
(desorption) studies on the state of adsorbed water m a model carbohydrate system, a 
dextran gel (Sephadex® type G-15 gel, Pharmacia Fme Chemtcals, Inc) ThiS 
swelling molecular steve has found w1de usage over the past fifteen years m many 
biOchemical punficatwn and chromatographic procedures 19 In add1t1on to structural 
or conformatiOnal effects, the question of solvent (H2 0) effects m this gel on It<l 
relatJ.ve selectrvtty to adsorb a m.tmbet of aldoses and other substances has been 
rrused previOusly by Marsden20

• The type G-15 gel (hereafter referred to simply as 
"gel") utd1ted m this mvest1gat10n IS formed mto sphencal beads (40-120 pm m 
diameter when dry) by tightly crosshnkmg dextran strands (produced by vanous 
strams of Leuconostoc mesenterozdes) with 2,3-epoxypropyl chlonde Tlus results in 
2-hydroxypropan-1,3-dtyl cross-lmkages between dextran strands20 At 100% relative 
hurmdlty the gel swells to a bed-volume of 2 5-3 5 ml per g of dry gel The structure of 
dextran IS largely charactenzed by ns pnmary {1-+6)-a:-n-glucan backbone The 
Imkage pomts and lengths of the secondary side-chams of n-glucose res1dues have 

. 
T 
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been mvest.Igated by several research groups21- 2 s TheIr analysts of carbohydrates 
has been reviewed by Neeli:~-6 • Their and Raman spectra ofvanous carbohydrates, 
mcludmg a-D-glucose and dextran, have been reported by several workers 2 7- 31 

Analysts of ce-o-glucose m the fundamental! r region bas md1cated that most of the 
morrorrier modes are highly coupled 28 Other 1 r eVIdence3 1 mdicates little If any 
mtramolecular hydrogen-bondmg (at least m crystalline monosaccbandes) 

The near-I r portion of thiS study consists m the mam of momtonng the v + b 
combmabon-band (5100-5300 cm- 1) of water adsorbed on the gel as a functiOn of 
relative humtdity (PfP0 ) This combmauon band anses from the v2 (.:5) and v3 

fundamental VIbratlonal modes of molecular water Analysts of this H 2 0 ( v + .:5) band 

has been successfully utilized m charactenzrng many features of water interactlons 
with silicas, Silicates, and alummosdtcates32• 

33 In particular, band-center slnfts and 
band asymmetry (mduced by mhomogeneous broadenmg) may be used to charactenze 
the type of hydrogen bondmg (donor or acceptor) and the average potential-field 
perturbmg the rotational relaxation of the adsorbed water molecules 

It was shown by Gordon34 that the normalized, mverse Founer transform 
(real part) of vibratiOnal 1 r spectra yields an autocorrelation functiOn C(t) for the 
transition-moment dipole 

C(t) = f, cos rot I(co)dw/f I(ro)dro 
b3nd b3nd 

This autocorrelation function may be Interpreted as an ensemble average (over the 
three polanzat10n directJ.ons) of the proJeCtiOn of a umt vector m the directiOn of the 
transtuon-moment dipole at ttme t onto itself at time zero The VIbrational-band 
mtensity I(ro) IS expressed as a functlon of angular frequency-displacement from the 
band maxxmum Such analysis ytelds s1gmficant mtcrodynamtcal mformat10n on the 
rotational relaxatiOn of the functional group(s) giVIng nse to the absorptlon, 1f the 
geometrical relation of the transition-moment dipole to the skeletal structure IS 

known This techmque has of late been applied to a vanety of organic substances m 
charactenzmg their rotatwna!-dtffuswn mechamsms, which studies have recently been 
reVIewed35 Wall36 has applied the techmque to a charactenzatwn ofO-ii and 0-D 
stretchmg modes m bulk water based on Raman spectra The general theory has 
recently been extended33 by a first-order perturbation treatment to account for 
mhomogeneous broademng, as eVIdenced by asymmetry m the rotational structure of 
the Vlbratwnal-rotanonal absotptlon bands The potenttal field V (r. t) perturbmg the 
vibrational-rotatiOnal motion of the adsorbed water molecules mteracts differently 
wtth the ground and excited VIbrational-rotational states, hence the mhomogeneous 
broadenmg occurs The observed hne-shape for adsorbed water IS thus found to 
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contain valuable mformatJ.on -on the rotatiOnal relaxatlon and therefore prov1des an 
indirect estunate of the average potentml-field perturbmg the molecular motion The 
v + o band 1s ideal for tins kmd of analysis, as the transition-moment dipole hes nearly 
m the molecular-water plane perpendicular to the molecular dipole (compare the v2 

and v3 normal modes) In additiOn, the dynamical monon may be resolved (0-10 psec) 
to a degree hardly approached by n m r dynarmcal estimates The correlation-function 
approach IS thus seen to proVIde a powerful probe for mechamst1c studies of water 
mteract10ns with carbohydrates (as well as With other substances). 

Water-vapor adsorption (desorption) ISotherms gtve a direct estimate of the 
hydrophtlictty of the gel as a function of telatrve hurmd1ty When Isotherms are 
recorded at different temperatures, heats of adsorption (desorption) may be estimated 
as a function of (water) coverage by use of the Clapeyron-Clausms relation The 
results reported here of the vapor-sorption ISotherms and near-1 r H 2 0 (v+ o) spectra 
of water adsorbed on the gel are correlated wtth one another. and a mechamsm for the 
hydratiOn of the gel Is proposed 

EXPERIMENTAL 

Preparatzon of samples -The type G-15 gel was used as recetved The samples 
for adsorption and spectral measurements were first dehydrated by heanng for 48 h 
at 378 °K m vacuo20 This treatment was confirmed to be sufficient by the absence of 
any detectable absorption m the 5100-5300 em -l regton due to water and by the 
attamment of constant weight on the adsorption (sprmg balance) apparatus The 
small peak at 5240 em- 1 (compare Fig 1) may be due to a small amount 
( <5 x 10-4 g of water per g of gel) of tightly bound water that IS unaffected by the 
dehydration procedure descnbed. The gel began to decompose at 393 °K 

Sorptwn Isotherms -. Water-vapor adsorptiOn (desorpt10n) Isotherms were 
obtained by usmg the McBam-Bakr spnng-balance techruque37 A quartz spring 
havmg a spnng-constant of 0 9779 mg/mm was used A 62 65-mg sample of the gel 
( d_ry ·wetght) was suspended from the spnng m a quartz bucket by a quartz filament 
The dtstensiOn of the spnng was measured wtth a Gaertner (Cmcago, Ilhnots} 
travelling tele<;copc whose verttcal displacement could be read to better than 
+0 0025 mm The water-vapor reservoir was filled With distilled water and deoxy­
genated by repeated freezmg (at 7rK) and thawmg under vacuum The water-vapor 
pressure v,as monitored w1th an oil (Apiezon B) manometer The density of the oil 
was determmed to be 0 875 gfml by usmg a Weld pycnometer The reference arm of 
the manometer was kept at less than 10- 3 torr via a zeolite 13X sorption pump 
Adsorption (desorptiOn) isotherms were recorded at 284, 299, and 329°K The water­
vapor reservorr was mamtamed at the amb1ent temperature (299 °K) dunng all 
measurements The measurements at 284 aK were made With the bottom of the spnng­
tube submerged in a bath ofrefngerated methanol_A cybndrical furnace was used to 
rnruntam constant temperature for the measurements at 329 °K The data from the 
measurements at 284 and 329 °K were corrected for thermal-flow effects by usmg a 
62.75-m~ Pyrex cane wetght suspended m the bucket mstead of sample. 
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Spectroscopy -The near-i r spectra were recorded with a Cary 14R recordiQg 
spectrophotometer m dtspersed-dtffuse Illurmnatwn mode by usmg a double-beam 
reflectance attachment and a 0-2 4 absorbance umt shde-w1re The sample was placed 
m a quartz reflectance cell stmdar to that descnbed elsewhere38, ex•:ept that the cell 
was not surrounded by a thennostatmg Jacket The sample spectra were recorded 
agamst a dehydrated standard of magnesmm oXIde placed m an Identical cell after 
the baselme had been set The baseline was set by balancmg the spectrophotometer 
output With Identical dehydrated magnesmm made cells placed m the sample and 
reference beams The sample cell was maintained under vacuum and equilibrated With 
water at sequentially lugher vapor pressures In an adsorption apparatus descnbed 
earher32 

The sample eqmlibratwn and spectral measurements were performed at 297 °K 
The recorder output of the spectrophotometer was eqUipped with a digital mterface 
to facilitate the numencal treatment of the spectra. The reflectance R 00 (ratm of total 
intensities of radiation reflected from the sample and that reflected from the 
magnesiUm oxtde standard) was obtamed chrcctly from the recorder output (-log R 00 ) 

and transformed by usmg Schuster-Kubelka-Munk theozy38
-

40 to obtatn the ratio 
of the absorption to scattermg coeffictents F(R 00 ) accordmg to the transformation. 

F(R ) = (1-Ra>)2 = K 
oo 2R S 

(X) 

The scattermg coefficient (S) was JUdged to be mdependent of frequency over the 
mtervals measured on the basts of the tsotroptc nature of the sphencal sample-beads 
and the comcidence ofthe adsorbed-water (v+c5) spectrum at htgh relative humidity 
With that of bulk water The F(R 00) spectra are thus equivalent to absorptmn spectra, 
but for a multiphcatlve constant 1/S Spectra eqmvalent to absorption spectra, but 
for an addtttve constant -log S, are obtamed from log F(R00) The gelts a swellmg 
polymer and, therefore, excluded-volume effects must be constdered The absorptmn 
coefficient K may be considered as the product (cK) of concentratiOn (c) and molar 
absorption-coefficient (K) terms Excluded-volume effects are therefore obviated, as 
the representation log F(R00) )'lelds spectra tdenttcal to absorptiOn spectra, but for an 
additive constant log (cfS) · 

Spectra m the fundamental regron were recorded on a Perkm-Elmer 257 
grating mstrument for the purpose of companson With dextran and other o-glucose­
related spectra A pellet techmque was used Vvith 6 mg of gel and 60 mg of spectral­
grade potassium bromtde bemg compressed uito a pellet I em m diameter The 
spectrum was recorded In transmission mode With a comb attenuating the reference 
beam 

Numerzcal - All numencal treatments of the spectra were earned out m 
FORTRAN code With a CDC 6400 electromc computer The near-1 r spectra were 
sampled at 1-nm Intervals, recorded on punched-paper tape, and then tr~nsferred to 
magnetic tape for processmg by the computer The mverse Founer-transforms of the 
v + b bands were computed by making strrughtbne mterpolatwns between recorded 
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ordmate-absc1ssa parrs, and performmg the integration (at each time-value) in closed 
form m a stepwise manner The wavenumber abscissa-values were scaled to have 
uruts of angular frequency (displaced from the band maximum) 

RESULTS AND DISCUSSION 

Near-z r spectrum.- The near-1 r spectrum of the dehydrated gelts Illustrated 
m Fig 1 over the 4650-9000 em- 1 mterval Many bands and shoulders are discermble, 
and assignments are attempted for some of these on the basts of the pellet spectrum in 
the fundamental region (Table 1). whose assignments are based on vanous studies on 
monosacchandes and dextran, as noted in the Introduct1on The most mtense near· i r. 
band occurs at 4770 cril- 1

• Thts is probably due to a combinatiOn of the 0-H stretch 
at 3400 em -l With admiXtures of C-H deformatiOn, CH2 scissor, and C-0 stretch 
modes There IS no band at 5100 cm- 1 as has been reported for dextran30

, this 
assignment was probably made due to the presence of adsorbed water. The broadened 
peaks in the 5500-5900 em- 1 mterval may anse from combmatlon of the 0-H 
stretching fundamental With adffilXtures of the first overtones of the C-0 stretch and 
0-H deformatJ.on modes (2100 em - 1) The 6400-cm - 1 band anses out of combmatlon 
of the 0-H stretch with the methylene stretching mode at 2880 em -t The more­
mtense peak at 6900 em- 1 IS undoubtedly the first overtone of the 0-H stretclung 
mode whereas the broad, weak band at 8270 em- 1 nught be attnbutable to admixture 
of the 6900 em- 1 overtone With the CH2 scissor fundamental Some of these assign­
ments should hardly be considered more than speculative However, the high density 

TABLE I 

Bandposltlon (cm-1) Intensity 

3400 v 

2880 s 
2100 w 

1635 w 
1455 m 
1400 w 
13~0 m 
1330 m 
1265 m 
1100 s 
930 w 
870 w 

7'70 w 

400 

130 
100 

120 

Asszgnment 

0-H stretchmg (mcluding some 
adsorbed water)" 
meth~lene C-H stretclung 
admixture of c-o stretchiJ:ig and 
m-plane 0-H deformation overtones 
adsorbed water 
CH2 scissor 

c-H defonnat10n 

C-0 stretchmg 
0-H deformauon 
C-H stretching 

thiS regton IS extensively 
broadened due to "lattice .. 
mode couplmg 

"Pellet sample prepared ru. descnbed an the expenmental section bBandwxdth at half-maxunum 
mtens1ty. c-rhe pellet sample was not subJected to the dehydration procedure 
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of states illustrated Ill the near-1 r uneqUIVOcally reiterates the pr~VlOUS contention 28 

that VIbrational modes of dextran are highly coupled The 5000-5400 em- 1 mterval 
of the near-i r spectrum of the dehydrated sample IS relatively flat, and therefore qUite 
smtable for analys1s of the H 2 0 ( v-'- a) band 

H:aO ( .. +a) 

5000 6000 7000 8000 g100 

WAVENUMBERS 

F1g 1 Near mfrared spectrum of dehydrated dextran gel The arrow mdJcates the po5Jtton of the 
H:zO (v+O) combmat10n-band when water iS adsorbed on the gel Spectrum recorded at 297°K. 
The ordmate 1s depicted m arbitrary F(R.,) absorbance umts 

Fig 2 Illustrates representative H 2 0 (v+o) spectra recorded at d.Iff'erent 
relative humtdltles The spectrum of the dehydrated sample was subtracted from each 
of the recorded v +a bands, after which a basehne connecting the band wmgs was 
subtracted The peak-maxrmum positiOn, half-w1dth at band max~mum, Intensity at 

band maximum, mtegrated band-mtenstty, and correlation tlmes as estimated from 
Av11z. are Illustrated m Table II (columns 1, 3, 4, 5, 6, and 8) for all of the spectra 
recorded The posttlon of the peak maximum stays relattvely constant at 5184 em- 1, 

With ttunor excursiOns to lower frequencies at I% and 27-55% relat1ve hum1dity The 
change m band asymmetry With changmg P/P 0 for the spectra Illu:,trated m Fig 2 IS 

noteworthy 
Correlatzonfunctzons -The correlation !unctions computed from the near-1 r 

spectra ( v + a band) of the gei sample, equilibrated at vanous hurmd1tles, are 
Illustrated In Ftgs 3-a, -b, and -c over the 0-0.5 picosecond tlme-mterval There IS 

some amhigwty m the expenmental chmce of frequency zero for the rotational 
correlatiOn-func-dons wtth angular couplmg, as the posttion of the vibratiOnal band­
center 1s uot exactly known and does not necessanly comcide With the VIbratJ.onal 
band-maximum Howe\.er, such an ambtgutty IS removed by follov.mg the total 
correlatiOn-function (mcludmg VIbrations) obtamed' by Founer mvers10n wtth 
frequency measured from the actual frequency zero rather than by usmg frequency 
centered at the vibrational band-center The perturbed, rotatiOnal correlatton­
function IS then an envelope of the total correlatiOn-funcuon33

• The correlation 
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4800 4900 5000 5100 5200 5300 5400 5500 

WAVENUMBERS 

F1g 2- The HzO (v+8.) band of water adsorbed oil gel at representative relative hwmdttJes (P/P0 ) of 
0 007, 0 028. 0 129. P 363, and 0 697 Note the change m band shape With chang~ng water-content 
Spectra recorded at 297 °K P 0 = 22 4 torr The ctrcles, tnangles, and squares are not data points but 
are mtended to rud Jdentdicanon of tbe spectra m the wmgs of the bands The spectra were sampled 
at 1-nm. mtervals 

funchons centered at VIbrational band-maxima corresponded excellently with the 
envelopes of the total correlation-funcfions, and therefore no further search was made 
for the exact VIbFational band-centers We therefore consider these functions to be 
rehable over the illustrated time-interval of 0 S psec, as the expenmental spectral 
resolution of about 3 cm-1. should yield functions rehable up to 10 psec33 The 
e>..perimental error of the correlation functons was computed by carrying the standard 
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:~? 

3 

P/Po 
363 D 
436 A 
sso 0 

697 g 

: 
4 

l 
5 

Fig 3 Rotational correlatiOn-functiOns for (v+O) transltlon-moment dtpole of water adsorbed on 
dextran gelatdrlferentrelahvehumub.t:les(P/Po) (a) P/Po = Q 007,0 013,0 028, andO 061, (b) PfP0 = 
0 086, 0 129, 0 169, and 0 271, and (c) P/P0 = 0 363, 0 436, 0 550, and 0 697 The dashed hne IS the 
classical correlatton-funcuon C(t) = 1-kTt2 /I"' va!Jd at short tunes, where /"' IS the least mertial 
moment of molecular water (IA = 1 024X I0-40 g cm2 ) P 0 =22 4 torr The error bars JlluStrated 
for the PIP a = 0 697 correlatiOn fWlctlon are representa. ~ve of the computed error for the other 
correlatlon functxons Note that the computed error approaches zero (although nonumfonnly) m 
the hmit of large time, as expected for the average product-area of J cos ( oo co) f(co) d. co (farb1trary 
and contmuous) and tn conformance With the Iumt C(t)~ for t-').oo 

devmtion (as a functiOn of frequency) of the recorder output (-log RaJ for the 
multiply scanned spectra (3 to 5 scans were made at each relatxve humu:ltty) through 
the transformation F(R~) and the Fonner mverston for C(t) The absolute error 
mdicated by the bars m Fig 3-c for the case PjP 0 = 0 697 IS representative of the 
reliability of the correlatiOn functions Illustrated 

The dtfferences m the correlation functions at different relative humtdttles ts 
stnkmg, and the rotauonal relaxation IS certamly anythtng but exponential It xs note­
worthy that all of the correlatiOn functions decay more slowly than the fa~ test possible 
motiOn of a classical free rotor (dashed hne) Thxs IS stgmficant as compared to bulk 
water, whose correlatiOn function (below the cnttcal temperature) decays more 
rapidly than the class1cal motwn 3 3 Another general feature charactenzxng all of the 
illustrated correlatwn-functJ.ons tn the inflectton that occurs m the 0 1-0 2 psec 
mterval Tlus mdtcates that the adsorbed water molecules move m a field that 
alternately accelerates and decelerates the rotattonal dtffusxon 

The behaviOr of the correlation function at 0 1% relative humtdtty IS mterestmg, 
as It tllustrates the eXIstence of a stgruficant rotatiOnal barner Note that this functiOn 
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TABLE U 

EQUILIBRIUM AMOUNTS OF AVSORBED \VATER AND FREQUENCIES, 

BAND WIDTHS AT HALF-MAXIMUM, INTENSmES, AND CORRELATION TIMES (rc) FROM 

RECORDED Hz0 (v+t5) BANDS 

H7.0 (v+~ Band CorrelatiOn tzmes 
x 1013 (sec) 

201 

P/Poa g HzO/g ge[b Vm.x(cm- 1
) L1v t 1z (cm- 1 ) I,.aJ.A,." Elf •c(E)" •cCL1v 112>

11 

0007 0003 5184 167 0166 0 568 3 71 2 00 
0 013 0005 5180 190 0278 I 086 3 22 175 
0028 0009 5184 180 0 393 I 460 3 41 1 85 
0 061 0027 5184 201 0510 2 092 310 1 66 
0086 0039 5184 218 0567 2441 2 95 1 53 
0129 0055 5184 221 0685 2962 294 1 51 
0169 0066 5184 210 0 841 3 464 3 07 I 59 
0271 0090 5181 239 0872 4042 2 72 1 40 
0 363 0114 5179 267 1 O!J7 5140 2 68 I 25 
0436 0 I32 5181 256 1098 5401 256 I 30 
0 550 0168 5116 238 I 346 6116 277 140 
0 697 0248 5184 239 1574 7325 2 7I I 40 

"From near-1 r spectra eqUilibration-runs at 297"K, P 0 = 22 4 torr bAdsorbed amounts from 
Isotherm recorded at 299 "K. Po= 25 2 torr "Correlatton time estimated from rotational correlatton­
functlon by summmg the pOSitiVe area under the correlation functiOn over the mterval of 0-0 5 
ptcoseconds 11Correlatton t1me estimated from mverse of bandwtdth at half-maxtmwn 1ntenstty 
"lntensmes, expressed tn logF(R..,) umts. With spectrum of the dehydrated sample and baselme 
connectmg wmgs of the band subtracted from the expenmental spectrum fintegrated mtenstlles over 
the recorded (v+O) band-mterval (arbttrary untts) 

Imtlally decays more slowly than all of the rest and once haVIng diffused more than 
n/2 rad1ans does not (m the tnne-mterval Illustrated) rotate back 

All of the correlation functions 1llustrated Ii:uhcate diffusiOn by n/2 radians, but 
the tmie requrred to achieve tlus amount of rotation IS not monotoruc With mcreasmg 
P/P0 The general trend for the ttme Ctx12) reuq1red to first diffuse by n/2 radians IS 

that It decreases as P/P0 nsea from 0 007 to 0 436, at whtch pomt t.,,12 suddenly 
zncreases wtth increasmg P/P0 (see Table III) 

The correlation functions at Imtial times are tllustrated m Flg .d. Thetr behavior 
1s to be contrasted With the classical correlatton-functwns descnbmg free rotatiOns. 
about the three pnnctpal moments of inertta of molecular water, I..t, J8 , and lc 41 

The times reqmred fot rotatiOnal diffusiOn through 9 rr:/200 radians (8 I 0 ) are listed m 
Table III Agam, the behaviOr of t 9 xtzoo IS not monotomcwithmcreasmgP/P0 , but 
the general trend mdicates the mttial decay to be faster With trtcreasmg coverage, 
whtch IS consistent wtth the fact that bulk water decays trutJ.ally faster than the fastest 

. posstble classxcal decay (compare IA m Fig 4) 
The mtegrated correlation-times (-rc) .are Illustrated m Ftg 5 and bsted m 

Tabie II (column 7) as a function of P/P0 It may be noted that -rc shows the same 
general decrease as tn12 to a m1mmum at PfP0 c=. 0 45, followed by an abrupt increase 
These times are to be compared With those estimated from the bandwidths at half-
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FJg 4 Short-tune behaVJor of rotatronal correlatmn-funcuons at vanous water coverages Note that 
the motions at 8 6 and 12 9% relative hurmd1ty are Jdenucal on this scale The rotatiOns are compared 
With the class1cal decay about the three prmcrpal merttal moments of the water molecule /A.• 18 , and 
lc are I 024; 1 920, and 2 947 X IQ-40 g cm2 respectively Po== 22 4 torr 
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F1g S Rotational correlation-times of water adsorbed on dextran gel aS a function of relanve 
hU11lldzty (P/P0), computed according to note c In Table II Po= 22 4 torr 
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maximum mtensity. Intcrestmgly, the latter are shorter than those measured by direct 
mtegrat:Ion of the correlatiOn functiOn by 48 + 5%, over the measured P/P 0 mterval 
Both of the -rc values {E and Llv1 , 2 , compare Table m show the same "bumpmg, 
Illustrated in Fig 5 This shows that the relative changes of both correlation tunes have 
physical meaning as a measure of rotattonal relaxation 

Isotlzenns and sorptwn heats - The adsorptton-desorptwn Isotherms recorded 
at three different temfleratures are Illustrated m F1g 6 (P 0 = 25 2 torr) The hysteresis 
charactenstlc ofswellmgcarbohydrates IS noteworthy ExtrapolatiOn of the desorptton 
tsotherms mdtcates that 5 mg of water per g of gel IS Irreversibly bound to the gel 
Most of this water IS removed, however, by the dehydratiOn treatment descnbed m the 
expenmental sectwn At 2:>9 °K the gel begms to become saturated above 40% relative 
hunndtty 

a; 
01 

E 
c> ...... 
o .. 
:c 
E 
c> 

2 
T ("Kl 284 299 329 

ADSORPTION 0 0 1<1 
DESORPTION l2l 0 lA 

IZI 

PIP., 

Ftg 6 AdsorptiOn-desorption Isotherms for water on dextran gel at 284, 299, and 319"K ·Po= 
22 2 torr 

Isotherms are often recorded spectroscopically by plotting the peak-mruamum 
mtens1ty or sum of peak Intensities versus pressure Columns 5 and 6 of Table II show 
that the relationship of 1;,.-s- to 'E/IS quite hnear over the range of relative hunndtties 
mvesugated However, the relatiOn of the entnes in these columns to the gravunentnc 
quanuties In column 2 (Table II) deviates s1gmficantly from lineanty above 1.3% 
relative hunudtty 
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The heats of adsorptiOn and desorption estimated from the Isotherms are 
Illustrated m Ftgs 7 and 8, respectively The heats appear to be sigmficantly 
temperature-dependent In additJ.on, the heats appear to be stgmficantly dependent 
on cvverage below 0 15 g of water per g of gel The shape of the adsorption-heat curve 
(Fig 7) IS remarkably similar to that obtamed for water adsorption on 0-(carboxy­
methyl)cellulose, starch, and agar10

• 
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F1g 7 Adsorption heats (exothermic) of water on dextran gel as a function of water coverage 
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Fsg 8 Desorption heats (eodotberrruc) of water on dextran gel as a function of water coverage. 

State of adsorbed water -- On the basts of the expenmental eVIdence, the 
hydration process cannot be mterpreted in terms of specific binding-sites However, 
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as the followmg dxscussion .mdicates, the hydration mechamsm IS cooperative and 
mvolves oath water-gel skeleton and water-water mteractwns From a phenomeno­
log:~cal pomt ofvtew, sorptiOn below 40% relative humtdtty ( <0 12 g of water per g of 
gel) IS characterized by several features (a) The mttial rotational relaxatiOn (compare 
F1g 4) Is slower than inertial, but depends on the coverage Tills znztzal relaxation, as 
charactenzed by t9 =1200 c..Table ITI, column 3), correlates directly wtth the total 
correlation time "t"c (Table II, column 7) over the relatlve-humxdity mterval mvestx­
gated, (b) the charactensttc ttme for rr/2 diffusiOn (t=12 , Table III, column 2) remams 
relatively constant (P/P 0 <0 4) at 0 28 +0 03 pxcoseconds, and (c) the frequency of 
the v+~ band-maximum (Table II, column 3) remams constant at about 5184 cm- 1 

At the onset of saturation (above 40% relative hunudity) the rr/2 dxffuston slows 
considerably whereas the initial relaxation occurs more rapxdly 

TABLE III 
TIMES (lnt:z• ! 9 m:zoo) REQUIRED FOR INITIAL ROTA110NAL DIFFUSION THROUGH tr/2 
AND 97r/200 RADIANS' 

P/Pob lnt:z x 1013 (sec)" l·nr:tzoc x 10 15 (sec)d 

0007 3 10 1000 
0013 2 79 782 
0028 285 8 71 
0061 2 75 799 
0086 268 774 
0129 2 71 774 
0169 2 71 8 16 
0271 2 71 7 31 
0363 294 723 
0436 241 705 
0550 428 723 
0679 494 665 

"The term C(t) may be thought of as cos S{t), where S(t) IS the angle between the tra~sttlou-moment 
dJpole at tJme t wtth respect to 1ts onentat.Jon at tJme zero The average angular-displacement as a 
function oftrme may be obtamed from F1g 3 by the relation S(t)=cos- 1 C(t) "P0 =224 torr 
C'fhese were taken from Fxg 3. where C(t) = I0- 3 or S = 89 95" "From Fxg 4. S = 8 1 o 

The constancy of the band maximum at 5184 cm- 1 IS particularly mterestmg, 
as the heat of adsorptiOn Is observed to vary by 10 kJ mol- 1 In addition, 1t may be 
noted that a sigmficant, spherically symmetnc, VIbratiOnal perturbation 1s operating 
m that 5184 cm- 1 IS 107 cm- 1 lower than the band-center position of cntical 
water33 (wluch IS a vtbrationally unperturbed sttuatiOn) The question thus arises as 
to the nature of the bmding between the water and the gel Hydrogen bonds forr.ned 
by the water actmg as a donor are expected to perturb the v + ~ VIbratiOnal band­
center strongly, whereas the perturbmg effects of hydrogen bonds formed with the 
water actmg as an acceptor are expected to be small (compare v2 and v3 normal 
modes) As the observed band-center does not shift markedly wtth varymg coverage 
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or heat of adsorptlon, but is shifted mitlally by -107 em- 1, smgular donor or 
acceptor attachments can probably be ruled out The - 107 em-! vibratiOnal shift IS 

attributed stmply to the "skeletal field" of the gel and It IS proposed that the adsorbed 
water molecules participate In two (or more) "hydrogen bonds" (mvolvmg gel 
hydroxyl groups and/or ether hnkages) The vibrational restnctwn Is, on the average, 
farrly constant and qmte close (at all coverages) to that observed32 m bulk water 
(iimax for bulk water IS 5181 em- 1) The vanatwn of heats of adsorptlon With coverage 
must therefore be. ascnbed to dtfferences m (the magnitudes of) the spherrcally 
symmetric components of the skeletal (potential) field The vanatwns observed m the 
heats m the 111terval 0 02-0 15 g of water per g of gel md1cates that the adsorpt10n may 
be cooperative m nature Thts cooperattvtty might be mduced by rnmor skeletal 
distensiOns and by additiOnal dipolar contnbutwns to the skeletal field mducec by the 
adsorbed water molecules 

The correlation times -rc correlate directly With the t 9 rr1200 value Thts IS not 
surpnsmg, as the Imttal decay ( <0 2 psec) makes the most Sigruficant contnbutlon to 
the mtegrated relaxation-tune The effective inertance at time zero of the bound water 
tefiects (m part) the strength of the adsorption 

In addition to the qualitative features (tmtial decay, mfiechon at 0 1-0 2 psec, 
rr./2 diffusiOn) of the ccrrelatzon functiOns already discussed, the oscrllatory com­
ponents of the C(t) may be analyzed to obtain mformat10n about the angular 
pertmbations The frequencies, (Aro), of the beats observed m the C(t) have been 
shown33 to be related to the VIbratiOnal band-center shtfts (Lfco .. ) and average angular 
perturbatiOns ( (4ro8q,)) by the relation 

(.&co)= (L1(I)9 .p)-L1co.,. 

The avarage perturbatiOn-frequencies (tiro$.p) are averages of the dtfferences between 
the perturbed rotational-energies m the ground and exc1ted vtbrattonallevels As ts 
apparent from Fxgs 3-a, -b, and -c, the beat frequencies (t1ro) are also tune-dependent 
Tlus time-dependence relates directly to the time-dependence of (4ro9 .p) and md1cates 
that the non-sphencally symmetnc, angular potenttal·field perturbs the motton of the 
wate1 differently dependmg on the relative onentabons The angular-perturbatiOn 
frequenctes for the first two beats are hsted m Table IV as a functxon of coverage, and 
are compared With values charactenstlc of bulk water and water adsorbed on zeohte 
(an alununosthcate) and sxhca The frequencies are negative, because the non­
sphencally symmetnc, rotatiOnal levels m the excited VIbrational state are stabilized 
by the perturbmg potential-field more than the correspondmg rotational levels m the 
ground vrbratlonal state33 Thts IS evidenced by the trulmg to lower frequencies of the 
(v+<5) bands (Fig 2) As Illustrated in Table IV, mcreasmg- coverage results m 
mcreasmg angular perturbation dunng the first .. beat, (which correlates roughly With 
the dec!easmg mitral mertance) The second "beats" mdzcate smaller perturbauon 
with mcreasmg coverage The average of (first and second beats) the hsted (L1(08 q,) 
remains fairly constant (280 ± 12 em - 1

) and differs by 200-400 em -l from the other 
water examples listed m the table On this basis, we would predict that the 650-

VF Exhibit 1049 - 16/20 
IPR2018-00190



WATER SORPTION IN A DEXTRAN GEL 207 

TABLE IV 

AVERAGE ANGULAR-PERTURBATION FREQVENCIES, (.1W{}~), 
AND CHARACIER.ISTIC 7!/2 ROTATIONAL FREQUENCIES, W;;rrz, 
AS A FUNCTION OF COVERA-GE (P/P0 ) FOR H.zO (v+O) BAND 

P/Poa (Llru&f>)g (cm- 1) ru:m::z.d (cm- 1) 

(1)1' (2Y 

0007 -246 -325 108 
0013 -256 -28~ 120 
0028 -252 -301 117 
0 061 -262 -297 121 
0086 -269 -269 124 
0129 -269 -287 123 
0169 -278 -270 123 
0271 -300 -283 123 
0363 -305 -259 113 
0436 -312 -252 139 
0550 -286 -282 78 
0 697 -315 -253 68 
Bull.. water (30 "C)" -584 -732 <200 
Water sorbed rn 
zeohte~ h -406 -491 <100 
Water adsorbed on 
Sd1ca~ 1 -460 -484 ~100 

OH Raman stretch 
{bulkY 176 

GPo =22 4 torr bCalculated from penod of first "beat" ccalculated from penod of second "beat" 
dCalculated from tr1.z values (see Table III) "Ref 33 fRef 36 9 Vtbrauonal shifts (.1rot) relative to 
cnt1cal water (5291 cm- 1) hi ml H 2 0/g zeolite (Type A) at 25 "C 'Water-saturated Sihca (HISll) at 
25"C, Silica heat-treated at 800"C (see Ref 42) 

750 cm- 1 "hbratlonal" band of bulk water should appear m the 280-300 cm- 1 

regxon for water adsorbed on the gel 
Consideration of the charactenstlc n/2 diffusiOn times (Table III) and their 

assoctated frequencies (Table IV) ytelds addttlonal mformat10n on the miCrodynamlCal 
behaviOr of the adsorbed water It was noted earher that trt12 undergoes a JUmp at 
coverages correspond!ng to the onset of saturation Bulk water has a charactenst1c · 
.. hbratlonal•• mode at about 175 em- 1, which corresponds to n/2 dtffus10n [compare, 
bulk ( v + c5) and Raman OH wrr:12 m Table IV] This mode IS predtcted to be dtsplaced 
to about 120 em- 1 m the gel 

Although mformat10n related to enthalptes 1s obtamed from analysis of the 
correlauon functtons, the mformatton contained In these functiOns 1s more 
fundamentally entrop1c wtth regard to the state of the water m the adsorbed phase 
Thts is especially true as regards the rotatiOnal entropy (freedom), although the small 
rotatiOnal bamer and the mn12 nnply mdtrectly a certam amount of.translat10nal 
freedom also 

In a study by Masuzawa and Sterlmg10 of water sorptlon m several carbo-
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hydrate gels, It was shown that the shapes of the (adsorption) entropy vs. coverage 
curves were almost Identical to those of the heats of adsorption The shapes of the 
Isotherms obtamed here (Fig 6), when plotted agamst P/P 0 llnearly rather than 
logarithnucally, are sinnlar to those obtained by the authors menttoned On thts basts 
it IS expected that the (water) adsorption entropy of the dextran gel should show the 
same general curvature as the adsorptiOn heats. This was confirmed as tllustrated m 
Table V for the representative coverages of 0 026, 0 075, and 0 0110 g of water per g 
of gel The first and thtrd coverages (compare Fig 7) correspond to major relative 
mmrma m the adsorptwn-heat curve and the second corresponds to a relative 
maxunum. The drlferential entropy (AS) IS the adsorption entropy, and the isostenc 
adsorption-heat (F1g 7) IS equivalent to the differential enthalpy The parallel course 
of the entropy and enthalpy reiterates the cooperative nature of the water adsorption 
It IS interesting to speculate as to v..htch of the degrees of freedom contnbutes to the 
adsorption entropy. The vapor-phase rotatiOnal and translational entropies are given 
m Table V From the experimental adsorptiOn-entropy L1Sexp (Table V), It may be 
concluded that a substantial part of translational entropy has been lost The restnc-

TABLE V 
EXPERIMENTAL" l>lOLAR AND DIFFERENTIAL ADSORPTION-ENTROPIES AND GAS-PHASE ROTATIONAL 
AND "'ltANSLAUONAL mn:ROP.IES AT RliPIWSENTATIVE COVERAGES 

Coverage -LfSu.r/' -Lfsup" srot d" 
C&rlC 

S'""IISF c:a1e 

(g H20/g gel} crx- J. mol-l) (JOK- 1 moJ- 1) {Jox-t moJ-1) (JoK- 1 mol- 1) 

0020 148 
0026 146 1.50 463 2003 
0030 150 
0071 175 
0075 177 182 463 190 3 
0079 176 
0106 160 
0110 158 153 463 1862 
0114 159 

4From the runs at 284 and 299°K, tempeEature ~f 291 5°K used throughout m calculatiOns 6 Molar 
adsorptton-entropy (see Refs 43 and 44) calculated from JSostenc heats (Ftg 7) and adsorptton 

Isotherms (FJg 6) accordmg to the equatron L1S = _!!. J" dnin(P/Po)+LJH•d5fT, wbereR, T, andn 
n o 

respectively are the gas constant, temperature, and coverage "Differential adsorptton-entropy (Ref 43) 
.., _ d.&.S ;;.; d 

calculated from LJ:; according to the equatiOn L1S = n &"" + L1.3 calculated by usmg (Refs 45 

t _ '\l'1i (Bn2I,.kT\ 1 '
2 (81t:ziakT\ 1'

2 (81t2Ick1\ ll:t., wh1ch yields 
and 46) the partition function rr - 2 h2 -) h2 -) h2 -) 

the expression (after evaluating all constants) St01 = 12 47lnT- 24 44 (J" x- 1 mol- 1) "Eqwpartx­
tton of srot accordmg to the three pnnc1pal moments gives sr,:,. Sf~, and Sf~ respectively as 13 11, 
15 72, and 17 50 (J"K- 1 mol- 1) rcalculated by usmg (Refs 45 and 46) the partrtron functton 

_ (27r[2ms+mol) 3
'

2 

qCraJD-. h2 V. wluch g~ves S'=u=2079lnT-83llnp+2636 (JOK- 1 moJ- 1
), 

where p ts expressed m atmospheres 
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tions of the rotatiOnal motion observed through the illgher-than-mert.Ial relaxation 
should also lead to some loss of rotational entropy. The proportion of these two 
losses IS uncertam, but It IS likely that the uanatwns of the adsorptiOn entropy With 

surface coverage are caused by rotational contnbut10ns only 
At coverages greater than about 0 12 g of water per g of gel, the gel begms to 

become saturated (compare Fig 6), and the condensed water begms to Impede tts own 
motion (compare Fig 3-c) That saturation sets mat this low coverage (0 12 g of water 
per g of gel corresponds roughly to one water molecule per glucose monomer) md1cates 
that the hydroxyl groups of glucose must be heaVIly mvolved m mtennolecular or 
mtramolecular hydrogen-bonding Thts IS supported by the 1 r eVIdence (compare 
Table I), as the OH band-mruomum at 3400 cm- 1 Is charactensuc of hydrogen­
bonded hydroxyl groups whereas the free hydroxyl-group stretch 1s usually found 
200 em -l higher Thts same equtvalence (I water molecule per glucose restdue) at the 
onset of saturat10n IS m agreement wtth a previous study of dextran hydratiOn 18 aod 
a hydration study of several other carbohydrate polymers 10 
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