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AJ3sTRAcT 

The state of adsorbed water 111 a dextran gel has been mvestrgated by near- 
infrared and gravrmetnc-adsorptton techmques Water-vapor adsorptron (desorptron) 
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- ‘) IS reported, together with tentatrve 
assignments The H,O combinatron (v+ 6) band at 5184 cm- ’ has been exammed 
as a functron of relatrve humrcbty The hne-shapes of this band have been analyzed 
by a recently estabhshed, Founer-mversron technique, and mformatron on the 
rmcrodynamrcs of the adsorbed water molecules has been resolved on the prcosecond 
time-scale At low and mtermedrate degrees of hydratron, reonentatronal lumps take 
place wrth per-rods from four to srx times longer than those for free water The onset 
of saturatton is then accompanied by the sudden removal of the reonentatronal 
lumps A comparrson of microdynamrcal and thermodynanuc data mdrcates the 
hydratron mechamsm to be hrghly cooperatrve at all relattve humuhties 

INTRODUClION 

The study of water-carbohydrate mteractrons remams an important area of 
research, as such mteractrons are ubiquitous in brologrcal systems and sign&ant m 
many mdustnal applications Cellulose-water mteractrons have been mtensrvely 
stubed for over three decades and have been extensively revrewed1-3. Starch-water 
&era&tons have been studted by n.m r k-7, rsothermal water-vapor adsorptron 
(desorptron)*-’ 3, and deutermm exchangei techmques Northcote pomted out’ 5 the 
physrologrcal nnportance of water-carbohydrate mteractrons m his early comparrsons 
of water-vapor sorption by dextran, a varrety of glycogens, and assorted yeast cell-wall 
carbohydrates Agar gel-water mteractrons have been mvestrgated by n m r 
methods16, and amylose hydration has been studred by X-ray and deutermm- 
exchange techmques ’ 4* “. Hydration of dextran has been remvesttgated by X-ray and 
isothermal vapor-sorptron methods l3 ‘* Many carbohydrate polymers are non-ngrd 
and exlnbrt srgmhcant swelhng with mcreasmg water content In addrtron, then water- 
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vapor adsorptton-desorptlon isotherms often undergo marked hysteresis, which 
effects have usually been Interpreted m terms of capillary-condensation theories” I2 ’ 5 
and stenc rearrangements’ ’ lo ” 

These hysteresis effects raise significant questions regardmg the meclzanzsm of 
carbohydrate hydration (dehydration) and associated swellmg phenomena Some of 
these questions are To which functional groups of the saccharide monomer and 
cross hnkages do adsorbed water molecules bmd7 What is the sequence of hydration 
of the dtfferent functional groups 7 What are the strengths (heats) of these mteractlons 7 
Are the bound water molecules attached as hydrogen-bond acceptors (I) or as 
hydrogen-bond donors (II and III) 7 
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Addmonal questions pertain to the mtcrodynamics of adsorbed water What IS the 
rotationa freedom (restriction) of the adsorbed water moiecuIes7 How are the 
mlcrodynamlcs of the adsorbed water molecules moddated by the perturbmg potenttal 
field of the adsorption sites and surroundmg functional groups (and neighbormg 
water molecules)7 

We report herem the results of near-mfrared and water-vapor adsorption 
(desorpuon) &u&es on the state of adsorbed water m a model carbohydrate system, a 
dextran gel (Sephadex@ type G-15 geI, Pharmacia Fme Chemicals, Inc ) Thts 
swelling molecular Steve has found wide usage over the past fifteen years m many 
biochemical purriicatton and chromatographtc procedures” In addition to structural 
or confor_matronal effects, the question of solvent (E&O) effects m this gel on its 
relatrve selectivity to adsorb a number of aldoses and other substances has been 
raised previously by Marsden “. The type G-15 gel (hereafter referred to simply as 
“gel”) utihzed m this mvestigation IS formed into spherical beads (40-120 pm m 
diameter when dry) by ttghtly crosshnkmg dextran strands (produced by various 
strams of Leuconosroc mesenterozdes) with 2,3_epoxypropyl chloride This results in 
2-hydroxypropan-1,3&yl cross-hnkages between dextran strands” At 100% relative 
humidity the gel swells to a bed-volume of 2 5-3 5 ml per g of dry gel The structure of 
dextran is largely characterized by its primary (1-4)~a-D-glucan backbone The 
hnkage pomts and lengths of the secondary side-chams of D-glucose residues have 
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been mvestrgated by several research groups 21--25 The I r analysis of carbohydrates 
has been reviewed by Neelyz6. The i r and Raman snectra of various carbohydrates, 
mcludmg Q-D-glucose and dextran, have been reported by several workers27-3 ’ 
Analysrs of E-D-&COSe m the fundamental 1 r regron has mdrcated that most of the 
monomer modes are hrghly coupled2’ Other I r evrdence” Indicates little rf any 
mtramolecular hydrogen-bondmg (at least rn crystalhne monosacchandes) 

The near-r r portron of thus study consists m the mam of momtormg the v + 6 
combmatron-band (5100-5300 cm-‘) of water adsorbed on the gel as a function of 
relatrve humuhty (P/P,) This combmatron band arises from the v,(6) and v3 
fundamental vrbratronal modes of molecular water Analysrs of thrs HZ0 (v + 6) band 

has been successfuily utrlrzed m charactenzmg many features of water interactions 
wrth srhcas, srhcates, and alummosrhcates 32* 33 In partrcular, band-center shrfts and 
band asymmetry (Induced by mhomogeneous broadening) may be used to charactenze 
the type of hydrogen bondmg (donor or acceptor) and the average potential-field 
perturbmg the rotatronal relaxatron of the adsorbed water molecules 

It was shown by Gordon 34 that the normalized, inverse Founer transform 
(real part) of vrbratronal 1 r spectra yields an autocorrelatron functron C(f) for the 
transition-moment lpole 

C(r) = 
s 

cos of I(o 
is 

I(o 
bnnd bond 

Thus autocorrelatron functron may be Interpreted as an ensemble average (over the 
three polarrzatlon dlrectrons) of the proJectron of a umt vector m the drrectron of the 
transitron-moment drpole at time f onto itself at time zero The vrbrational-band 
mtensrty I(o) 1s expressed as a function of angular frequency-drsplacement from the 
band maxrmum Such analysrs yrelds srgmficant mrcrodynamrcal mformahon on the 
rotatronal relaxatron of the functronal group(s) grvmg nse to the absorptron, d the 
geometrrcal relatton of the transrtron-moment drpole to the skeletal structure IS 
known This techmque has of late been applied to a varrety of organic substances m 
charactenzmg then rotatronal-drffusron mechamsms, whrch studies have recently been 
revrewed Wall36 has apphed the techmque to a charactenzatron of O-H and O-D 
stretchmg modes m bulk water based on Raman spectra The general theory has 
recently been extendedJ3 by a first-o rder perturbation treatment to account for 
mhomogeneous broademng, as evrdenced by asymmetry m the rotational structure of 
the vrbratronal-rotatronal absorptron bands The potentral field @‘(r, t) perturbmg the 
vrbrational-rotatronal motron of the adsorbed water molecules interacts drfferently 
wrth the ground and excited vrbratronal-rotatronal states, hence the mhomogeneous 
broademng occurs The observed line-shape for adsorbed water IS thus found to 
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contain valuable mformanon on the rotational relaxatron and therefore provides an 
indirect e&mate of the average potential-field perturbmg the molecular matron The 
v + 5 band 1s ideal for tms land of analysrs, as the transition-moment dipole hes nearly 
m the molecular-water plane perpendrcular to the molecular drpole (compare the vZ 
and v3 normal modes) In addrtron, the dynamrcal matron may be resolved (O-10 psec) 
to a degree hardly approached by n m r dynamical estrmates The correlatron-functron 
approach 1s thus seen to provrde a powerful probe for mechamstrc studres of water 
mteractrons with carbohydrates (as well as with other substances). 

Water-vapor adsorption (desorptton) isotherms gave a direct estimate of the 
hydrophrhcrty of the gel as a function of relative humidity When isotherms are 
recorded at &fFerent temperatures, heats of adsorptron (desorptron) may be estimated 
as a function of (water) coverage by use of the Clapeyron-Clausius relatron The 
results reported here of the vapor-sorption isotherms and near-r r H,O (v + S) spectra 
of water adsorbed on the gel are correlated w&h one another, and a mechanism for the 
hydratron of the gel IS proposed 

EXPERIMENTAL 

Preparatzon of samples - The type G-15 gel was used as recerved The samples 
for adsorption and spectral measurements were first dehydrated by heatmg for 48 h 
at 378 “K zn vacuozo Tms treatment was confirmed to be sticrent by the absence of 
any detectable absorption m the 5100-5300 cm- ’ regron due to water and by the 
attainment of constant weight on the adsorption (sprmg balance) apparatus The 
small peak at 5240 cm- ’ (compare Frg 1) may be due to a small amount 
(t5 x 10S4 g of water per g of gel) of tightly bound water that is unaffected by the 
dehydration procedure described.. The gel began to decompose at 393°K 

Sorptzon zsotlternzs - Water-vapor adsorptron (desorption) isotherms were 
obtained by using the McBam-Bakr spring-balance techrnque3’ A quartz spring 
having a spring-constant of 0 9779 mgjmm was used A 62 65-mg sample of the gel 
(dry weight) was suspended from the sprmg m a quartz bucket by a quartz filament 
The drstensron of the sprmg was measured wrth a Gaertner (Cmcago, Illmo~s) 
travelhng telescope whose vertrcal displacement could be read to better than 
+O 0025 mm The water-vapor reservoir was filled with distilled water and deoxy- 
genated by repeated freezmg (at 77°K) and thawmg under vacuum The water-vapor 
pressure was monitored with an oil (Apiezon B) manometer The density of the oil 
was determmed to be 0 875 g/ml by usmg a Weld pycnometer The reference arm of 
the manometer was kept at less than lob3 torr via a zeohte 13X sorption pump 
Adsorptron (desorptron) isotherms were recorded at 284,299, and 329 “K The water- 
vapor reservorr was mamtamed at the ambrent temperature (299’K) durmg all 
measurements The measurements at 284°K were made with the bottom of the sprmg- 
tube submerged in a bath of refrigerated methanol A cyhndrical furnace was used to 
maintain 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.mg Pyrex cane we&t suspended m the bucket mstead of sample_ 
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Spectroscopy - The near-i r spectra were recorded wrth a Car-y 14R recordmg 
spectrophotometer m dispersed-dtffuse rllummatton mode by usmg a double-beam 
reflectance attachment and a O-2 4 absorbance umi shde-wrre The sample was placed 
m a quartz reflectance cell srmrlar to that described elsewhere38, except that the cell 
was not surrounded by a thermostatmg Jacket The sample spectra were recorded 
agamst a dehydrated standard of magnesium oxtde placed m an rdentreal cell after 
the basehne had been set The basehne was set by balancmg the spectrophotometer 
output wrth rdentrcal dehydrated magnesmm oxrde cells placed m the sample and 
reference beams The sample cell was maintained under vacuum and equrhbrated wrth 
water at sequentrally lugher vapor pressures m an adsorption apparatus described 

earher 2 
The sample equthbratlon and spectral measurements were performed at 297 “K 

The recorder output of the spectrophotometer was equrpped wrth a dig&d interface 
to facrhtate the numerical treatment of the spectra. The reflectance R, (ratto of total 
intensities of radiation reflected from the sample and that reflected from the 
magnesmm oxtde standard) was obtamed directly from the recorder output (-log R,) 
and transformed by usmg Schuster-Kubelka-Munk theory38-40 to obtam the ratto 
of the absorption to scattermg coefficrents F(R,) accordmg to the transformatron. 

F(R,) = (1 --Rd2 = 5 
2R, S 

The scattenng coefficrent (S) was Judged to be independent of frequency over the 
intervals measured on the basrs of the rsotroplc nature of the spherical sample-beads 
and the comcldence of the adsorbed-water (v+ 6) spectrum at hrgh relative humrdrty 
wrth that of bulk water The F(R,) spectra are thus equtvalent to absorptron spectra, 
but for a multrphcatrve constant l/S Spectra equivalent to absorptron spectra, but 
for an addtttve constant -log S, are obtamed from log F(R,) The gel IS a swellmg 
polymer and, therefore, excluded-volume effects must be constdered The abso,rptton 
coefficrent K may be consrdered as the product (UC) of concentration (c) and molar 
absorptron-coefficlent (rc) terms Excluded-volume effects are therefore obvrated, as 
the representatron log F(R,) yrelds spectra Identical to absorptron spectra, but for an 
addrtrve constant log (c/S) 

Spectra m the fundamental regron were recorded on a Perkm-Elmer 257 
gratmg instrument for the purpose of comparison wrth dextran and other D-glucose- 
related spectra A pellet techmque was used wrth 6 mg of gel and 60 mg of spectral- 
grade potassium bromtde bemg compressed mto a pellet 1 cm m lameter The 
spectrum was recorded m transmrssron mode wrth a comb attenuatmg the reference 
beam 

Nzcmetwal - All numerical treatments of the spectra were carrred out m 
FORTRAN code with a CDC 6400 electronic computer The near-l r spectra were 
sampled at I-nm Intervals, recorded on punched-paper tape, and then transferred to 
magnetrc tape for processmg by the computer The inverse Founer-transforms of the 
v+ 6 bands were computed by makmg strarghthne mterpolatrons between recorded 
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ordmate-abscissa paus, and performmg the iutegratron (at each tune-value) in closed 
form m a stepwlse manner The wavenumber abscissa-values were scaled to have 
umts of angular frequency (&splaced from the band maximum) 

RESULTS AND DISCUSSION 

Near-r r spectrum. - The near-r r spectrum of the dehydrated gel 1s rllustrated 
m Frg 1 over the 4650-9000 cm- ’ interval Many bands and shoulders are drscermble, 
and assignments are attempted for some of these on the basis of the pellet spectrum in 
the fundamental region (Table I), whose assgnments are based on various stu&es on 
monosaccharides and dextran, as noted in the Introductron The most intense near-i r. 
band occurs at 4770 cm- ‘_ Thts is probably due to a combmatron of the O-H stretch 
at 3400 cm-r with admrxtures of C-H deformatton, CHs scrssor, and C-O stretch 
modes There IS no band at 5100 cm- ’ as has been reported for dextran3’, 131s 
assignment was probably made due to the presence of adsorbed water. The broadened 
peaks in the 5500-5900 cm- ’ Interval may anse from combmatron of the O-H 
stretching fundamental with admtxtures of the first overtones of the C-O stretch and 
O-H deformatron modes (2100 cm- ‘) The 640&m - r band arises out of combmatron 
of the O-H stretch wrth the methylene stretching mode at 2880 cm-’ The more- 
mtense peak at 6900 cm- ’ IS undoubtedly the fist overtone of the O-H stretchmg 
mode whereas the broad, weak band at 8270 cm- ’ rmght be attnbutable to adnuxture 
of the 6900 cm-’ overtone with the CH, sctssor fundamental Some of these assign- 
ments should hardly be consrdered more than speculatrve However, the hrgh densrty 

BandposJtJon (cm- J) IntetJsJty di& (cm- 9’ Assrgnment 

3400 

2880 
2100 

1635 W 

1455 m 
1400 W 
1350 m 
1330 m 
1265 m 
1100 S 

930 W 

87G W 

770 

V 

S 

W 

W 

O-H stretchmg (mcluding some 
adsorbed water)= 
methllene C-H stretchzng 
admixture of C-O stretching and 
m-plane O-H deformation overtones 
adsorbed water 
CHI scissor 

C-H deformation 

C-O stretchmg 
O-H defonnatlon 
C-H suetchmg 

this regon IS extensively 
broadened due to “lattice” 
mode couphng 

‘Pellet sample prepared as described m the expenmental sectxon bBandmdth at half-maxnnum 
mtenskty. ‘The pellet sample was not subJected to the dehydration procedure 
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of states dustrated m the near-1 r unequwocaily reiterates the previous conteution2a 

that vibrational modes of dextran are highly coupled The 5000-5400 cm- ’ Interval 
of the near-i r spectrum of the dehydrated sample IS relatively flat, and therefore quite 
suitable for analysis of the H,O (VA 6) band 

5000 6000 7000 0000 0700 

WAVENUMBERS 

Fig 1 Near Infrared spectrum of dehydrated dextran gel The arrow mdlcates the posItIon of the 
Hz0 (v+6) combmatlon-band when water 1s adsorbed on the gel Spectrum recorded at 297°K. 
The ordmate 1s deplcted m arbitrary F(R,) absorbance umts 

Fig 2 illustrates representatlve H,O (v+6) spectra recorded at Merent 
relative humldltles The spectrum of the dehydrated sample was subtracted from each 
of the recorded v + 6 bands, after which a baseline connectmg the band wmgs was 
subtracted The peak-maximum posItIon, half-width at band m-mum, mtenslty at 
band maximum, integrated band-Intensity, and correlation times as estimated from 
AYl,,r are illustrated m Table II (columns 1, 3, 4, 5, 6, and 8) for all of the spectra 
recorded The posltlon of the peak m-mum stays relatively constant at 5184 cm- l, 
WI& mmor excursions to lower frequencies at 1% and 27-S% relative huml&ty The 

change m band asymmetry with changmg P/P, for the spectra Illustrated m Fig 2 IS 
noteworthy 

Correlatzon functrons - The correlation functions computed from the near-l r 
spectra (v-t 6 band) of the geI sampie, eqmhbrated at vanous hunudltles, are 
Illustrated m Figs 3-a, -b, and -c over the O-O.5 picosecond time-Interval There IS 
some amblgmty m the expenmental choice of frequency zero for the rotatIona 
correlation-funcrlons with angular couphng, as the posItion of the vlbratlonal band- 
center 1s no: exactly known and does not necessarily comclde with the vIbrationa 
band-maximum However, such an amblwty 1s removed by folloumg the total 
correlation-function (mcludmg vibrations) obtamed by Founer mverslon with 
frequency measured from the actual frequency zero rather than by usrng frequency 
centered at the vlbratlonal band-center The perturbed, rotational correlation- 
function IS then an enuelope of the total correlation-function33. The correlation 
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Fig 2_ The H,O (u+& band of water adsorbed on gel at representative relative humldlhes (P/P,) of 
0 007, 0 028, 0 129,0 363, and 0 697 Note the change m band shape with changng water-content 
Spectra recorded at 297°K PO = 22 4 torr The cmles, tnanglcs, and squares are not data pomts but 

are Intended to axd ldentlfication of the spectra m the wings of the bands The spectra were sampled 
at 1-m mtervals 

funchons centered at vIbratIona band-maxima corresponded excelreitriy with the 
envelopes of the total correlation-functions, and therefore no further search was made 
for the exact mbrational band-centers We therefore consider these functions to be 

rehable over the tiustrated time-interval of 0 5 psec, as the expenmental spectral 
resolutzon of about 3 cm-’ should yield functions rehable up to 10 paec33 The 
experimental error of the correlation functrons was computed by carrymg the standard 
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t x 10’3 (set) 

Fxg 3 RotatIonal correlatxon-functions for (v-i-6) transItIon-moment dipole of water adsorbed on 
dextran gel at dfierent relative hunu&ties (P/P*) (a) P/P0 = G 007,O 013,O 028, and 0 061, (b) PIP0 = 
0 G86, G 129, G 169, and G 271, and (c) PIP, = 0 363, G 436,O 550, and 0 697 The dashed hne IS the 
classlcal correlation-function C(t) = I -kTf'/IA vahd at short tunes, where Z.J IS the least mertlal 
moment of molecular water (IA = 1 024 X 1Ge4’ g cm=) PO = 22 4 ton- The error bars IlIustrated 
for the PIP0 = 0 697 correlation function are representd ,ve of the computed error for the other 
correlation functions Note that the computed error approaches zero (although nonumformly) m 
the hmlt of large time, as expected for the average product-area of j cos (co @f(w) do Cfarbltrary 
and contmuous) and m conformance with the hnut C(r)+0 for l+oo 

devratron (as a functron of frequency) of the recorder output (-log R,) for the 
mu!trply scanned spectra (3 to 5 scans were made at each relatrve humrdrty) through 
the transformatron F(R,) and the Founer mversron for C(t) The absolute error 
mdrcated by the bars in Frg 3-c for the case P/P, = 0 697 IS representatrve of the 
rehabrhty of the correlatron functions rlhrstrated 

The Merences m the correlatron functions at dfierent relative humrdrtres 1s 
stnkmg, and the rotatronal relaxation rs certamly anythmg but exponential It 1s note- 
worthy that all of the correlatron functions decay more s201uZy than the fastest possrble 
matron of a classical free rotor (dashed hne) Thus is srgnrficant as compared to buZk 
water, whose correlatron functron (below the critical temperature) decays more 
rapidly than the classrcal motion3’ Another general feature characterrzmg all of the 
rllustrated correlatron-fun&on IQ the inflection that occurs in the 0 1-O 2 psec 
interval Thus mdrcates that the adsorbed water molecules move m a field that 
alternately accelerates and decelerates the rotatronal drffusron 

The behavror of the correlatron functron at 0 7% relatrve humrdrty IS mterestmg, 
as rt illustrates the existence of a srgmfkant rotatronal barrier Note that thus functron 
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TABLE II 

EQIJfLIBRIUhf AMOUNTS OF ADSORBED WATER AND FREQUENCIES, 

BAND WIDTHS AT HALF-MAXIh¶UM, INTENSITIES, AND CORRELATION TTMES &-) FROM 

RECORDED H,O (V+@ BANDS 

Hz0 (v+d) Band Correlatton trmes 
X 1Ol3 (set) 

wpoa g f-G ok gelb i&,, (cm- ‘) API/~ (cm- ‘) Ip_xc Z I’ rc (Z)’ Tc(A~112)~ 

0 007 0 003 
0013 0 00.5 
0 028 0 009 
0 061 0 027 
0 086 0 039 
0 129 0 055 
0 169 0 066 
0 271 0 090 
0 363 0114 
0 436 0 132 
0 550 0 168 
0 697 0 248 

5184 
5180 
5184 
5184 
5184 
5184 
5184 
5181 
5179 
5181 
5176 
5184 

167 
190 
180 
201 
218 
221 
210 
239 
267 
256 
238 
239 

0 166 0 568 3 71 200 
0 278 1 086 3 22 1 75 
0 393 1 460 3 41 1 85 
0 510 2 092 3 10 1 66 
0 567 2441 2 95 I 53 
0 685 2 962 2 94 1 51 
0 841 3464 3 07 1 59 
0 872 4042 2 72 I 40 
1 097 5140 2 68 I 25 
1098 5 401 2 56 I 30 
1 346 6116 2 77 140 
1 574 7 325 2 71 140 

“From near-x r spectra equthbratlon-runs at 297”K, PO = 22 4 torr ‘Adsorbed amounts from 
Isotherm recorded at 299 “K, PO = 25 2 torr ‘Correlation time estimated From rotattonal correlatlon- 
function by summmg the posmve area under the correlation function over the Interval of O-O 5 
pIcoseconds dCorrelatlon time estimated from Inverse of bandwldth at half-maxImum mtenslty 
%tensltles, expressed m logF(R,) units, with spectrum of the dehydrated sample and baselme 
connectmg wmgs of the band subtracted from the experImenta spectrum IIntegrated mtensltles over 
the recorded (v+6) band-Interval (arbitrary umts) 

m&ally decays more slowly than all of the rest and once havmg &ffused more than 
7z/2 radians does not (m the tune-Interval Illustrated) rotate back 

All of the correlation functions dlustrated mlcate dlffuslon by n/2 ra&ans, but 
the tune required to a&eve this amount of rotation 1s not monotomc with mcreasmg 
P/P, The general trend for the time (t,& reuqlred to first d&use by n/2 ra&ans IS 
that it decreases as P/PO rises from 0 007 to 0 436, at which point tx12 suddenly 
znctwtses wth increasmg P/P, (see Table III) 

The correlation functions at mltial times are illustrated m Fig A The= behavior 
IS to be contrasted with the classlcal correlation-functions descnbmg free rotations 
about the three prmclpal moments of inertia of molecular water, IA, I,, and 1c41 
The times required for rotational diffusion through 9x/200 radians (8 I”) are hsted m 
Table III Agam, the behavior of t,,,zoo 1s not monotonlc w& increasing P/P,, , but 
the general trend mdxates the mltial decay to be faster with mcreasmg coverage, 
which IS consistent with the fact that bulk water decays lmtially faster than the fastest 
possxble classical decay (compare IA m Fig 4) 

The integrated correlatxon-times (r,-) are illustrated m Fig 5 and listed m 
Tabie II (column 7) as a function of P/P, It may be noted that fC shows the same 
general decrease as tz12 to a mlmmum at PIP, - - 0 45, followed by an abrupt increase 
These times are to be compared with those esbmated from the bandmdths at half- 
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007 - 
013 --- 
026 me--- 
061 - 
066 __---- 
129 --- 
169 -a- - 

_ 271 
363 ---- 
436 -- 

_ 550 - - - - 
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4 6 8 IO 
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Fig 4 Short-tie behavior of rotatlonal correlation-functions at vanous water coverages Note that 
the mobons at 8 6 and 12 9% relative hurmdlty are ldentlcal on this scale The rotatrons are compared 
unth the classzal decay about the three pnnclpal mertxal moments of the water molecule IA, ZB, and 
Zc are 1 024,l 920, and 2 947 X 10m40 g cm2 respectively PO = 22 4 torr 

P / P. 

Fig 5 Rotational correlation-tunes of water adsorbed on dextran gel a~ a function of relative 
hmdlty (P/P.& computed accordmg to note c m Table II PO = 22 4 torr 
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maxlmum mtensrty. Interestmgly, the latter are shorter than those measured by drrect 
mtegratron of the correlatron functron by 48 f5%, over the measured P/P, Interval 
Both of the Q values (Z and d VI ,a, compare Table II) show the same “ bumpmg” 
rlhrstrated in Fig 5 This shows that the relatrve changes of both correlatron tunes have 
physrcal meaning as a measure of rotatronal relaxation 

Isotherms and sorption heats - The adsorptton-desorptron Isotherms recorded 

at three drfferent temperatures are illustrated m Frg 6 (Pa = 25 2 torr) The hysteresis 
charactenstrc of swelhng carbohydrates IS noteworthy Extrapolatron of the desorptron 
isotherms mdrcates that 5 mg of water per g of gel IS rrreversrbly bound to the gel 
Most of thrs water IS removed, however, by the dehydration treatment described m the 
expenmental sectron At 299 “K the gel begms to become saturated above 40% relatrve 
hurmdrty 

3 

T (90 284 299 329 

2 ADSORPTION 0 0 0 
DESORPTION 0 0 id 

z 

i 
2 
I” 
E 
cI1 

I -I 

0 

IO-' IO-” 10-l I 

P/p, 

Fig 6 Adsorphon-desorptlon Isotherms for water on dextran gel at 284, 299, and 329°K PO = 
22 2 torr 

Isotherms are often recorded spectroscoprcally by plotting the peak-maxrmum 
intensity or sum of peak mtensrtres versus pressure Columns 5 and 6 of Table II show 
that the relatronshrp of I;_ to CI 1s quite hnear over the range of reIatrve humrltres 

mvesrlgated However, the relation of the entrees m these columns to the gravrmentnc 
quantrtres m column 2 (Table II) deviates srgmkantly from Iineanty above 1.3% 
relatrve hurmdrty 
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The heats of adsorptron and desorption estunated from the Isotherms are 
illustrated m Figs 7 and 8, respectrvely The heats appear to be sigmficantly 
temperarure-dependent In addrtron, the heats appear to be srgrnticantly dependent 
on coverage below 0 15 g of water per g of gel The shape of the adsorphon-heat curve 
(Fig 7) IS remarkabIy srmrlar to that obtamed for water adsorptron on U-(carboxy- 
methyl)ceEulose, starch, and agar”. 

701 , I I 
0 284-299 “K 

T 
5 

0 299-329 “K 

560- 
A 284-329 “K 

1 

2 
950- 0 o,o~oOoooooooooooo, 

6 
F --___---~_---~-~~--~~~~--~~_--~__-- 
E HEAT OF LIQUEFACTION 
040 - 
m 

2 rp 

30 I I I 
0 i 2 3 

gmH,O/gmgel 

Fig 7 Adsorption heats (exothermlc) of water on dextran gel as a functton of water coverage 
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Fig 8 Desorpt~on heats fendothernuc) of water on dextran gel as a function of water coverage. 

State of adsorbed water - On the basis of the expertmental evidence, the 
hydratron process cannot be Interpreted in terms of specmc binding-sates However, 
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as the following discussron m&cates, the hydratron mechamsm is cooperative and 
involves both water-gel skeleton and water-water mteractrons From a phenomeno- 
logcal point of view, sorption below 40% relative humrdrty (to 12 g of water per g of 
gel2 is characterized by several features (a) The mrtral rotational relaxatron (compare 
Fig 4) IS slower than inertral, but depends on the coverage Tins znztzal relaxatron, as 
characterized by &,X,200 (Table III, column 3), correlates tiectly w1t.h the total 
correlatron time rc (Table II, column 7) over the relatrve-humrdrty interval mvestr- 
gated, (b) the charactenstrc time for x/2 dtiusron (fZll, Table III, column 2) remains 
relatively constant (P/P, t0 4) at 0 28 L-0 03 prcoseconds, and (c) the frequency of 
the v+ 6 band-maximum (Table II, column 3) remams constant at about 5184 cm- 1 
At the onset of saturation (above 40% relative humrdrty) the 7~12 drffusron slows 
consrderably whereas the imtial relaxatron occurs more raprdly 

TABLE III 

TMES (tn,z, t91c12,,,,) REQUIRED FOR INITIAL ROTATIONAL. DIFFUSION THROUGH 7?/2 
AND %/200 RADIANf 

0007 3 10 10 00 
0 013 2 79 7 82 
0028 2 85 8 71 
0 061 2 7.5 7 99 
0 086 2 68 7 74 
0 129 2 71 7 74 
0 169 2 71 8 16 
0 271 2 71 7 31 
0 363 2 94 7 23 
0 436 2 41 705 
0 5.50 428 7 23 
0 679 494 6 65 

The term C(t) may be thought of as cos S(r), where S(t) IS the angle between the traxltlon-moment 
dipole at time t with respect to its onentation at time zero The average angular-dlspiacement as a 
function of tune may be obtamed from Fig 3 by the relation S(r) = cos-1 C(t) *PO = 22 4 torr 
‘These were taken from Fig 3, where C(t) = 10-j or 9 = 89 95” dFrom Fig 4, 9 = 8 1” 

The constancy of the band maxrmum at 5184 cm- ’ IS partrcularly mtcrestmg, 
as the heat of adsorptron IS observed to vary by 10 kJ mol- ’ In ad&t.ron, it may be 
noted that a srgn&ant, spherically symmetrrc, vrbratronal perturbation IS operatmg 
m that 5184cm-’ 1s 107 cm- ’ lower than the band-center posrhon of cntrcal 
water33 ( w c IS a vrbratronally unperturbed atuatron) The questron thus arises as hr h 
to the nature of the bmdmg between the water and the gel Hydrogen bonds formed 
by the water actmg as a donor are expected to perturb the v + 6 vrbratronal band- 
center strongly, whereas the perturbmg effects of hydrogen bonds formed with the 
water actmg as an acceptor are expected to be small (compare vz and v3 normal 
modes) As the observed band-center does not shrft markedly wrth varymg coverage 
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or heat of adsorption, but is shrfted mlhally by - 107 cm-‘, smgular donor or 
acceptor attachments can probably be ruled out The - 107 cm-l vlbratlonal shift IS 
attnbuted simply to the “skeletal field” of the gel and It IS proposed that the adsorbed 
water molecules partlclpate m two (or more) “hydrogen bonds” (mvolvmg gel 
hydroxyl groups and/or ether linkages) The vIbrationa restnctlon is, on the average, 
fauly constant and quite close (at all coverages) to that observed3’ in bulk water 
(LX for bulk water 1s 518 1 cm- ‘) The vanatlon of heats of adsorptlon with coverage 
must therefore be ascribed to differences m (the magmtudes of) the sp/wrrcaZZy 
symmetrzc components of the skeletal (potentlai) field The vanatlons observed m the 
heats m the mterval0 02-O 15 g of water per g of gel mdlcates that the adsorption may 
be cooperative m nature This cooperatlvlty might be induced by mmor skeletal 
dlstenslons and by adltlonal &polar contnbutlons to the skeletal field Induce? by the 
adsorbed water molecules 

The correlation times rc correlate directly with the t9rc,t,,0 value This 1s not 
surpnsmg, as the nutlal decay (to 2 psec) makes the most slgmficant contnbutlon to 
the Integrated relaxation-time The effective inertance at trme zero of the bound water 
reflects (in part) the strengtlz of the adsorption 

In addition to the qualitative features (untial decay, mflectlon at 0 1-O 2 psec, 
n/2 dxffuslon) of the ccrrelatlon functions already dlscussed, the osdatory com- 
ponents of the C(t) may be analyzed to obtain mformatlon about the angular 

pertmbatlons The frequencies, <do>, of the beats observed m the C(t) have been 
shown33 to be related to the vibratIona band-center shifts @do,) and average angular 
perturbations (<do&) by the reIatron 

<Ao> = <dog+> -do,. 

The avarage perturbation-frequencies <AC+,+> are averages of the differences between 
the perturbed rotational-energes m the ground and excited vlbratlonal levels As IS 
apparent from Frgs 3-a, -b, and -c, the beat frequencies <Am> are also time-dependent 
This time-dependence relates directly to the time-dependence of <do,.+> and mdlcates 
that the non-sphencally symmetrrc, angular potential-field perturbs the motion of the 
water dflerently depending on the relative onentatxons The angular-perturbation 
frequencies for the first two beats are hsted m TabIe IV as a function of coverage, and 
are compared with values charactenstlc of bulk water and water adsorbed on zeohte 
(an alummoslhcate) and slhca The frequencies are negative, because the non- 
sphencally symmetnc, rotatlonal levels m the excited vIbratIona state are stablhzed 
by the perturbing potential-field more than the correspondmg rotational levels m the 
ground vIbrationa state 3 3 This is evidenced by the talhng to lower frequencies of the 
(v+ 6) bands (Fig 2) As Illustrated in Table IV, mcreasmg coverage results m 
mcreasmg angular perturbation dunng the first “beat” (whch correlates roughly with 

the decreasmg mltlal mertance) The second “beats” mdxcate smaller perturbation 
with mcreasmg coverage The average of (tist and second beats) the hsted <dw,+> 
remains fairly constant (280 + 12 cm- ‘) and &ffer.s by 200-400 cm- 1 from the other 
water examples listed in the tabIe On thus basis, we would pre&ct that the 6SO- 
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TABLE IV 

AVERAGE ANGULAR-PERTURBATION FR?ZQUENCiES, <Aqq>, 
AND cIiARAcrwsn C Z/2 ROTATIONAL FREQUENCIES, Wx/z, 

AS A FWNCnON OF COVERAGE (p/P,) FOR Hz0 (Vf 6) BAND 

mea <Aog+>g (cm-‘) WWd (cm- ‘) 

0007 
0013 
0 028 
0 061 
0 086 
0 129 
0 169 
0 271 
0 363 
0436 

0 550 0 697 
Bulh water (30”Qe 
Water sorbed m 
zeohtee h 
Water adsorbed on 
silica’ i 
OH Raman stretch 
(bulk)= 

-246 -325 108 
-256 -289 120 
-252 -301 117 
-262 -297 121 
-269 -269 124 
-269 -287 123 
-278 -270 123 
-300 -283 123 
-305 -259 113 
-312 -252 139 

-286 -282 -315 -253 ii 
- 584 - 732 t200 

-406 -491 <loo 

-460 -454 -100 

- - 176 

“P, = 22 1 torr bCalculated from penod of first “beat ” CCalculated from period of second “beat” 
dCalculated from rr,, values (see Table III) ‘Ref 33 /Ref 36 gVlbratlonal shifts (dot) relative to 
cntlcal water (5291 cm- ‘) *l ml H,O/g zeohte (Type A) at 25 ‘C ‘Water-saturated slka (HIM) at 
25 “C, silica heat-treated at 800°C (see Ref 42) 

750 cm- ’ “hbraoonal” band of bulk water should appear m the 280-300 cm- ’ 
regon for water adsorbed on the gel 

Conslderatlon of the characterlstlc 742 dfluslon times (Table III) and their 
associated frequencies (Table IV) yields ad&tlonal mformatlon on the mlcrodynamlcal 
behavior of the adsorbed water It was noted earher that f+ undergoes a Jump at 
coverages corresponchng to the onset of saturation Bulk water has a characterlstlc 
“hbratlonal” mode at about 175 cm-‘, which corresponds to 7~/2 Muslon [compare, 

bulk (v + 6) and Raman OH ox,_ , m Table Iv] This mode 1s predxted to be &splaced 
to about 120 cm- ’ m the gel 

Although mformatlon related to enthalples 1s obtamed from analysis of the 
correlation functions, the mformatlon contained m these functions 1s more 
fundamentally entropic with regard to the state of the water m the adsorbed phase 
Thrs is especially true as regards the rotational entropy (freedom), although the small 

rotational bamer and the od2 imply inchrectly a certain amount of translational 
freedom also 

In a study by Masuzawa and Sterlrng” of water sorption m several carbo- 
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hydrate gels, rt was shown that the shapes of the (adsorption) entropy vs. coverage 
curves were almost rdentrcal to those of the heats of adsorption The shapes of the 
rsotherms obtamed here (Fig 6), when plotted agamst P/P,, hnearly rather than 
logaritbmcally, are similar to those obtamed by the authors mentioned On thm basis 

it IS expected that the (water) adsorptron entropy of the dextran gel should show the 
same general curvature as the adsorptron heats. This was confirmed as illustrated m 
Table V for the representatrve coverages of 0 026,O 075, and 0 0110 g of water per g 
of gel The first and thud coverages (compare Fig 7) correspond to major relative 
mrmma m the adsorptron-heat curve and the second corresponds to a reIatrve 
rn;1xIl1II1IE1. The chEerentra1 entropy (4s) IS the adsorptron entropy, and the isostenc 
adsorptron-heat (Fig 7) IS equivalent to the differential enthalpy The parallel course 
of ^&e entropy and enthalpy reiterates the cooperatrve nature of the water adsorption 
It IS interestmg to speculate as to whrch of the degrees of freedom contnbutes to the 
adsorption entropy. The vapor-phase rotatronal and translatronal entropres are grven 
m Table V From the experimental adsorptlon-entropy Ai& (Table V), It may be 
conchrded that a substantial part of translatronal entropy has been lost The restnc- 

TABLE V 

EXE’ERIhXENTAL= MOLAR AND DIFFERENTIAL ADSORPTION-ENTROPIES AND GAS-PHASE ROTATIONAL 

AND TR_ANSLATIONAL l3lTROPLF.S AT R?ZPREJXNT A-I-IVJZ COVERAGES 

cowuge -AS& -AS-= s::;,d = shyy f 
(gHzOlggel) (J’K-’ mol’l) (J’K” mol-‘) (J’K- 1 mol- ‘) (J”K-’ mol-‘) 

0 020 148 
0 026 146 150 463 200 3 
0 030 150 
0 071 175 
0 075 177 182 463 1903 
0 079 176 
0 106 160 

0110 158 153 463 186 2 
0114 159 

#From t5e runs at 284 and 299 “K, temperature of 291 5 “K used throughout III calculations *Molar 
adsorption-entropy (see Refs 43 and 44) calculated from lsosterlc heats (FJg 7) and adsorptlon 

Isotherms (Fig 6) accordmg to the equatton d,!? = -5 
s 

II 
o dn In (P/P,) + AHaa/T, where R, T, and n 

respectlveIy are the gas constant, temperature, and coverage cD&erentml adsorphon-entropy (Ref 43) 

calculated from d,!? accordmg to the equation AS = n - + As dCakulated by using (Refs 45 

and 46) the partition function PC 
_ y (“zryT)l12 ~~~~/cZ”)~~~ (~zFT)~~~, which yields 

the expresslon (after evaluatmg all constants) SD* = 12 47 InT--24 44 (JOK-’ mol-‘) eEqmpartl- 
tlon of So* accordmg to the three prmcrpal moments gives SF:, Sri, and SF: respectively as 13 11, 
15 72, and 17 50 (J”K-’ mol-‘) ‘Calculated by usm~l (Refs 45 and 46) the nartltlon function 

_ 
_ . - _ 

v, which gives S’-=2079lnT-8311np+2636 (J’K-‘moi-‘). 

where p IS expressed m atmospheres 
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t~ons of the rotational motion observed through the h@er-than-medial relaxation 
should also lead to some loss of rotational entropy. The proportion of these two 
losses IS uncertam, but It IS likely that the vurzafzons of the adsorption entropy with 
surface coverage are caused by rotational contibutlons 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 its own 
motion (compare Fig 3-c) That saturation sets m at thus low coverage (0 12 g of water 
per g of gel corresponds roughly to one water molecuIe per glucose monomer) m&cates 
that the hydroxyl groups of glucose must be heavily involved m mtermolecular or 
mtramolecular hydrogen-bondmg Tlus IS supported by the 1 r evidence (compare 
Table I), as the OH band-maximum at 3400 cm- ’ IS charactenstic of hydrogen- 
bonded hydroxyl groups whereas the free hydroxyl-group stretch IS usually found 
200 cm- ’ higher This same equivalence (1 water molecule per glucose residue) at the 
onset of saturation IS m agreement urlth a previous study of dextran hydration” and 
a hydration study of several other carbohydrate polymers” 
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