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ABSTRACT 

Near-infrared (II I r ) spectroscopy of carbohydrates m solvents of different 
proton-acceptor strengths shows sphttmgs m the first-overtone, OH absorptlons that 
are charactenstlc of a double mmlmum m the hydrogen-bond, potential-energy curve 
On the basis of their spectic, n 1 r absorption maxima m methyl sulfoxlde, N,iV- 
dlmethylformanude, and 19 1 HCONMe,-water, a-D-glucose, P-D-glucose, and 
glycogen can be differentiated from each other These carbohydrates also exhlblt 
previously undefined absorption m-ma that are asslgned as nonsolvent, hydrogen- 
bonded OH groups, and the mtenslty of these bands decreases as the hydrogen- 
bondmg strength of the solvent (Me,!30 > 19 1 HCONMe,-water > HCONMe,) 
Increases A n I r method for determmatlon of the thermodynamic parameters of 
hydrogen bondmg for cyclohexanol, a-D-glucose, and glycogen m hydrogen-bondmg 
solvents has been deslgned on the basis of nonsolvent and solvent hydrogen-bonded 
species at vaflous temperatures 

INTRODUCTION 

AIthough near-mfrared (n 1 r ) spectral techmques have been used m charac- 
tenzmg the OH-stretchmg overtones of simple alcohols m solvents of Werentlal 
hydrogen-bondmg strengths’ ‘, the possible utlhty of potential-energy curves3-5 for 
the charactenzatlon of symmetncal and asymmetrical hydrogen-bonded species m 
solutions of carbohydrates has not been exammed Consequently, tbs study was 
lmtlated m an attempt to devise a n 1 r spectral method that could be employed for 
determmmg the thermodynamic parameters of alcohols, mcludmg carbohydrates, m 
vanous hydrogen-bondmg solvents 

It has been shown by Cannon3, Llppmcott et aL4, and Barrow and McI(mney5 
that the motion of the proton m a hydrogen-bond system such as O-H - 0’ may be 
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represented by a potential-energy curve havmg two mmlma separated by a low 
barner, tbs IS shown by the curves m Fig 1 for symmetncal and asymmetncal 
hydrogen-bonds In the case of a symmetrical bond, the two muuma have equal 
depths (see Fig 1A) A potential function of this type would have both mmma 
appreciably populated at room temperature and, therefore, would be mdlcatlve of 
tautomenc equlhbna For an asymmetrical bond, which IS more common, the two 
muuma have unequal depths (see Fig 1B) In tks situation, the proton IS always more 
bonded to 0 than to 0’ In both bonds, however, It IS mdlcated that the barrier heights 
of the potential-energy functions are located m the region near that where the 
vlbratlon-energy Ievei (v) = 2 (see FIN 1)3 

Fig 1 Schematic representation of hydrogen-bond, double-mmimum potentials [Symmetrical (A), 
and asymmetrmd (B) J 

In order to venfy the double-mmlmum concept expenmentally, Bell and 
Barrow’ studled the OH-stretchmg overtones of alcohols m solvents havmg various 
hydrogen-bonding strengths Their spectra showed a pair of solvent-dependent, 
absorption bands that arose from a potential-energy function m which the second 
mmlmum lay m the region of the u = 2 energy level For Instance, the spectrum of 
ethanol m carbon tetrachlonde showed an OH absorption at 7122 cm-’ that corres- 
ponded to the first overtone of the monomenc or free species of the alcohol’ However, 
m N,N-dlmethylformanude (DMF), the OH absorptlons of ethanol were found’ at 
6378 and 6764 cm- ’ These absorptlons were ultimately asslgned to the overtone 
absorptlons of the OH species m the first (mam) and second mmlma, respectrvely, of 
the hydrogen-bond, potential-energy function Barrow2 also hsted expenmental 
evidence for double-mmlmum, potential functions m such hydrogen-bonded systems 
as carboxyhc acids-pyndme, ferroelectnc salts, chloroacetlc acids-pyndme, alcohols- 
bases, phenols-bases, p-mtrophenol-tnethylamme, and phenols and carboxyhc acids 
with ammes 

In the present mvestlgatlon, the n 1 r spectra of cr-D-glucose, &D-glucose, and 
glycogen (In solvents of various hydrogen-bond strengths) also gave evidence for 
double-mmnnum, potential-energy functions The spectra of the systems mvolvlng 
NJV-dlmethylformamlde showed OH-stretchmg, overtone absorptlons at frequencies 
slmllar to those asslgned by Bell and Barrow’ to the first and second muuma of the 
hydrogen-bond, potential-energy function for solutions of alcohols m NJV-dlmethyl- 
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formamide However, other OH absorptlons were also found m the spectra of the 
solutions in N,N-dlmethylformam~de In all Instances, absorptlons were found m the 
range of 6911 to 6977 cm- ‘, and these were assigned to nonsolvent, hydrogen- 
bonded hydroxyl groups The double-mmlmum mterpretatlon was verified by 
exammmg the n I r spectra of cyclohexanol m solvents of various hydrogen-bondmg 
strengths It was found that all of these spectra exhIbIted a nonsolvent, hydrogen- 
bonded absorption at 7059 cm- 1 For spectra of solutions m acetone or N,N- 
dlmethylformamlde, OH absorptlons were found at frequencies slmdar to those 
asslgned to the first and second mmlma of the potentlal-energy function for the 
alcohols-acetone and alcohols-NJ/-dlmethylformamIde systems reported by Bell 
and Barrow 1 In view of these data, which Indicated either conformational or 
hydrogen-bond equlllbna, a method was devised for the determmatlon of the thermo- 
dynamic parameters of cyclohexanol, c+D-glucose, and glycogen m various hydrogen- 
bonding solvents 

The determmatlon, by n I r spectroscopy, of thermodynamic parameters of 
hydrogen-bonding systems contammg hydroxyl groups appeared attractive, because 
of the accesslblhty of the overtone region for study Tlus region had been neglected m 
the past, owmg to the emergence of Interest m nuclear magnetic resonance spectro- 
scopy for such determmatlons However, Ehel et al 6 mentloned the posslblhty of 
usmg overtones for the determmatlon of conformatlonal free-energies of rmg systems 
that contam hydroxyl groups In the present work, It was decided to Investigate the 
hydrogen-bonding, thermodynamic parameters of a monomer, a-D-ghCOSe, and its 
polymer, glycogen, m solvents of various hydrogen-bondmg pofentlahtles Studies 
were hmlted to such solvents as N,N-dlmethylformamlde, methyl sulfoxrde, and 19 1 
NJV-dlmethylformamlde-water, as these mvarlably solublhzed the carbohydrates 
tra hydrogen-bonding mteractlons 

EXPEFUhfENTAL 

Chemcal compo~mds - Oyster glycogen (highest purity, lot 590) was obtained 
from Eastman Organic Chemicals, Rochester, New York Solvents were of A C S 
grade, or better, and were obtamed from commercial sources Cyclohexanol(99 + mol 
%) was obtamed from Matheson Coleman and Bell, Norwood, Ohlo Anhydrous 
a-D-glucose was obtamed from Pfanstlehl Chemical Co , Waukegan, Ilhnols, and all 
other commercIa1 chemical compounds used were of the highest purity obtainable 

Spectral arzalysw - N I r solution spectra were obtamed with a Cary Model 14 
recording spectrometer, wrth cyhndncal, quartz cells having a 2-cm path-length 
Absorption frequencies were reproducible to within +7 cm- ’ Temperatures, w&h 
were measured before and after the scannmg of pertinent absorption-bands, were 
accurate to wrthm -+O 5” Spectra of films were obtamed by drymg aqueous solutions 
on quartz plates at 60” Values of wavelengths at absorption maxima, which are 
recorded by the Cary 14 instrument m lmear micrometers, were converted mto 
wavenumbers (cm-‘) m order to be consistent with Infrared (I r ) data 
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Infrared solution spectra were obtamed with a Perkm-Elmer Model 621 
gratmg mfrared spectrophotometer and 25-pm cells The spectrophotometer was 
calibrated by use of a polystyrene standard The various compartments of the spectro- 
photometer were contmuousiy purged with dry, carbon dloxlde-free U, to mxumlze 
atmosphenc absorptions Absorption bands were reproducible to within 1 to 2 cm- ’ 
Spectra of films were obtamed by drymg aqueous solutions on sdver bromide plates 
at 60” 

RESULTS AND DISCUSSION 

The n I r spectra of glycogen (see Fig 2), either m the sohd state (see Fig 2, D), 
or in solvents havmg tierent hydrogen-bonding strengths (see Frg 2, A-C), show 
charactenstx curves of the double-mlmmum, potential-energy fun&on of an 
O-H 0’ system All of the spectral curves In Fig 2, both for solute (glycogen 
contammg 2-2 5% of residual water, see Fig 2D) and for solute-solvent systems 
(DMF, DMF-H,O, and Me,SO), etiblt an absorption maximum at - 6944 cm- l, 
furthermore, thus absorption band m the spectrum of sohd glycogen 1s broad, and 
contams a shoulder at - 6803 cm- ’ Thus envelope evidently contams the absorptlons 
found at 6849 and 6724 cm- ’ m spectrum 2A, at 6719 cm- ’ m spectrum 2B, and at 

1 I t 
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(=+-I 

6667 
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7140 
0 40pmf 
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Fig 2 Near-infrared spectra of 278m~ glycogen as a thm film and m various solvents at 28” 
[Glycogen m N,IV-dimethylformamido (A), 19 1 N,ZV-dlmethylformamlde-water (B), methyl sulfoxlde 
(C),=d~61m@)l 
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6868 and 6752 cm- ’ m spectrum 2C Addrtronal drfferences between the spectra for 
sohd gIycogen and glycogen m a soivent (see Fig 2) are also evtdent, m that the film 
ehcrts a weak absorptron maxrmum at - 6348 cm- r, whereas, for the solutrons, the 
absorptrons m thrs regton Increase m mtensrty, and he at 6329, 6331, and 6325 cm-l, 
respectively, m spectra 2A, 2B, and 2C 

In order to attempt asstgnments of the overtone absorptrons, it was necessary 
to obtam the absorptron bands of the OH-stretching fundamental for the respectrve 
glycogen and glycogen-solvent systems The I r spectral curves reproduced m Frg 3 
reveal that both sohd glycogen (Frg 3B) and glycogen-Me,SO (Frg 3A) ehctt 
absorptron maxlma at 3380 cm- l, mdlcatrve of strong hydrogen-bonding of 
hydroxyl groups, m addthon, spectrum 3A shows a shoulder at -3535 cm- ‘. As an 

3490 3290 3090 
W4ENUiWE!! (CM-') 

Frg 3 Infrared spectra of glycogen and a-D-glucose m the OH-stretchmg regxon [556mM Glycogen m 
methyl sulfoxlde (A), glycogen film (B), 5S6m~ a-D-glucose m methyl sulfoxlde (C), and CC-D-@UCOSe 

film@)1 

absorptron at 3535 cm-’ IS possrbly mdrcatrve of mtramolecular or nonsolvent- 
hydrogen bonded hydroxyl groups, It was evrdent that addrtronal hydroxyl groups of 
glycogen Interacted wrth methyl sulfoxrde, and, because both anhydrous and aqueous 
NJV-drmethylformamtde, per se, also ehctt strong absorptrons m the OH-stretchmg 
regton, meaningful spectral curves of solutrons of glycogen therem could not be 
obtained 

The degree of anharmomcrty of molecular motion can be esttmated to a first 
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approximation by measurmg the dflerence between the observed frequencies of an 
overtone and the correspondmg, fundamental vibration by use of the formula’, 
t) = vV,(I - vx), where Y= the frequency of the overtone, v = the vlbratlonal 
quantum number corresponding to the overtone, V0 = the frequency of the fundamen- 
tal vlbratlon, and x = a posltlve constant, lndlcative of the degree of anharmonlclty 
In the present work, the v = 0 + u = 2 transltlon was measured and, therefore, v = 2 

The use of thls formula lndlcated that the absorptlons at 3380 and 6325 cm- ’ ln 
the glycogen-Me$O spectra could be assIgned to the fundamental and first-overtone 
absorptlons of the strongIy hydrogen-bonded hydroxyl groups (x = 0 032) Therefore, 
these absorptlons are characterlstlc of the OH species ln the maln mlnlmum of the 
potential-energy function The hydrogen bond has a slgmficant degree of anharmonl- 
c1tys, consequently, on thls basls, the absorpttons at 6920, 6752, or 6868 cm-l ln the 
glycogen-Me,SO spectrum (see Fig 2 and Table I) cannot be palred with the 
3380-cm-1 fundamental, as the anharmomclty constant (x) would then be negative 

The absorption at 6920 cm-’ was tentatively asslgned to the first overtone of the 

nonsolvent-hydrogen-bonded hydroxyl groups of glycogen, because this band 1s near 

the 7100-7000-cm-’ region m which the overtones of the free OH absorptlons were 

found9 Bell and Barrow’ showed that the first-overtone absorptlons, which were 

charactenstlc of OH species m the second mmlmum of the potential-ener,T function 

TABLE I 

NEAR-INFRARED ABSORPTION hlAXIhlA OF GL”COGEN AND THE ANOMERIC FORMS OF D-GLUCOSE IN 

VARIOUS SOLVENT SYSTEMSm 

Carbobydrare N,N-Dlmethylfornrar~~de N,N-Dmerh> Iforrmmmde- Metlr) I solfoxtde 
[Later (I9 I) 

Y Absorb- Ratrob Y Absorb- Ratrob Y Absorb- Ratlob 
(cm- ‘) axe (cm- ‘) ame (cm- ‘) ance 

a-D-Glucose 6964 0 290 6944 0 255 6930 0 210 
6894 0279 6714 0330 6868 0 210 

6719 0 290 6321 0340 1 03 6738 0 234 
6325 0 320 1 10 6325 0406 1 73 

~-D-Glucose 6977 0289 6955 0244 6930 0 176 

6839 0277 6697 0 326 6868 0 186 

67X 0 294 6308 0346 1 06 6738 0 221 

6301 0 326 1 10 6312 0 420 1 89 

Glycogen 6960 ’ 0 204 6960 0 168 6920 0 181 

6849 0 232 6719 0242 6868 0 193 

6724 0 243 6331 0 730 09.5 6752 0 202 
6329 0 234 096 6325 0 272 134 

“Carbohydrate concentrations were 278mM, absorption maxlma were taken at 28” for glycogen and 
a-D-glucose, and at 25” for j?-D-glucose at the respective wavenumbers (cm- *) 

*Population rat10 = 
absorbance of the absorption charactenstlc of the mam-mrmmum OH species 

absoz bance of the absorption charactenstlc of the second-mmlmum OH specxs 
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of alcohols m strongly hydrogen-bonded systems, occur at -6764 cm- ‘, con- 

sequently, the absorption at 6752 cm- ’ m the glycogen-MetSO spectrum was also 
regarded as bemg characterlstlc of second-mmlmum, OH species 

The asslgnments of the absorptlons m the spectra of glycogen-DMF and 
glycogen-DMF-H,O (see Fig 2 and Tabie I) were made from the Inferences drawn 
from the data on glycogen-Me=SO absorptlons The absorptlons at 6329 and 
6311 cm- ’ were taken as bemg charactenstxc of mam-mmlmum OH specxes m the 
respective soIvents The absorptions at 6724 and 6719 cm-’ were asslgned to the OH 
species m the second mmlmum, and those at 6960 cm- 1 were consldered to be due to 
the first overtones of the nonsolvent-hydrogen bonded, OH-stretching fundamentals 

The absorptlons at 6849 and 6868 cm- 1 m the spectra for glycogen-DMF, and 
glycogen-Me$O (see Fig 2 and Table I) cannot as yet be asslgned; their possible 

ongm IS dlscussed Iater 
Glycogen IS a condensation type of polymer of a-D-glucopyranose residues 

bonded by (l-+4) and, to a lesser extent, (1 ‘6) glycosldlc lmkages Accordingly, the 
spectra of cc-lo-glucose (see Fig 4 and Table I) were exammed m much the same way 
as that of glycogen A comparison of the spectra in Fig 4 mdlcates that the weak 
absorption at -6296 cm-’ m the spectrum of the sohd Increases m mtenslty and 

appears at 6325, 6321, and 6325 cm- ’ m the spectra of solutions m DIMF, DMF- 
H,O, and Me,SO, respectively A broad absorption, having a maNmum at 

? 2.53 6667 7140 
lE0pm) k33pm) (LQJpm) 

WAVENUMBER 

Fig 4 Near-Infrared spectra of 278mM a-D-glucose as a thm film and m various solvents at 27” 
[a-D-Glucose in &,N-dmethylformamlde (A), 19 1 NJ-dlmethylformaxmde-water (B), methyl sul- 
foxlde (C), and thm film (D) ] 
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N 6868 cm- ‘, was also detected m the spectrum of solid D-glucose The envelope of 
tlus band evidently contams the resolved absorptions at 6964, 6844, and 6719 cm- ’ 
present m spectrum 4A, at 6944 and 6714 cm- ’ m spectrum 4B, and at 6930, 6868, 
and 6738 cm-l m spectrum 4C 

As may be seen m Fig 3, the absorption band of the OH-stretchmg fundamental 
of sohd a-D-glucose IS very broad, with three dlstmct maxima at 3531, 3441, and 
-3341 cm- 1 In this regon, spectrum 4C shows absorptlons at 3491, 3400, and 
3322 cm- 1 that mdlcate that hydroxyl groups are hydrogen-bonded, at three d&erent 
concentrations, m methyl sulfoxlde The absorptron at 3491 cm- ’ 1s mchcatlve of the 
weakest, and that at 3322 cm- ’ of the strongest, hydrogen-bonded hydroxyl groups 

The presence of the three OH-stretchmg, fundamental vlbratlons might make 
difficult the assignment of the overtone absorptions In the spectrum of a-D-glucose- 
Me,SO However, because of the close snmlanty of the overtone spectrum (see 
Fig 4C and Table I) to the overtone m the spectrum of glycogen-Me,SO (see Fig 2C 
and Table I), the fundamental vlbratton at 3322 cm-l was taken as bemg charac- 
terlstxc of strongiy hydrogen-bonded hydroxyl groups Thus assumption then permitted 
assxgnment of the vanous absorptrons m the overtone spectrum of D-gIucose-Me$O 
m a way analogous to that used for the glycogen-Me,SO overtone spectrum, the 
absorptlons at 6325, 6738, and 6930 cm-’ were asslgned to the overtone of the OH 
species m the mam and second mmlma of the hydrogen-bond, potential-energy 
function and nonsolvent-hydrogen bonded groups, respectively 

The assignments of the absorptlons m spectra 4A and 4B for cz-D-glucose 
(see Table I) were made from the Inferences drawn from the absorption data for 
spectrum 4C. The absorptions at 6325 and 6321 cm- ’ are taken as bemg characteristic 
of mam-mmlmum OH species Absorptions at 6719 and 6714 cm-l are asslgned to 
the OH species m the second mmlmum, and those at 6964 and 6944 cm- ’ are 
consldered to be the first overtones of the nonsolvent-hydrogen bonded, OH- 
stretchmg fundamentals As with glycogen, the absorptlons at 6894 and 6868 cm- ’ 
m the cc-D-glucose spectra 4A and 4C (see Table I) could not be assrgned, their 
possible ongm IS dlscussed later 

The presence of possible, nonsolvent and solvent, hydrogen-bonded hydroxyl 
groups mdlcated that an eqmhbrmm may exrst m the various solutions However, 
before the equlhbna could be conadered, It was necessary to estabhsh that hydrogen 
bondmg m the mam mmuna was not due to mtramolecular and/or mtermolecuiar 
association of the molecules of glycogen or D-glucose Consequently, spectra of 
solutions contammg various concentrations of glycogen or D-glucose were recorded, 
and the bands charactenstxc of the mam-mmlma, OH species were plotted as a func- 
tlon of concentration It was found (see Fig 5) that the absorbance decreases hnearly 
as the concentration of glycogen or D-glucose decreases Ths mdlcates that the 
absorpfions asslgned to the mam mmlma are due to hydrogen bonding between the 
solvent and the hydroxyl groups of the respective solutes, and not to either (a) 
mtramolecular hydrogen-bondmg or (6) solute-solute mteractions (mtermolecular, 
solute hydrogen-bondmg) 
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Fig 5 Absorbance of mam mmlmum versus concentration of a-D-ghcose and glycogen m N,N- 
dlmetbylformarmde [a-D-Glucose (e), and glycogen (0) ] 

Accordmg to L~ppmcott et al 4, the ratio of the populatrons rn the two mmrma 
of the potentral-energy curve (Frg 1) should be affected by changes m hydrogen-bond 
strength Therefore, the ratro of the absorbance of the first to that of the second 
mmlmum was calculated for each spectrum for glycogen and D-glucose (see Table I) 
The populatron ratros mdrcated that methyl sulfoxrde forms the strongest hydrogen- 
bonds, both with glycogen and cr-D-glucose, as compared to the hydrogen-bonded 
systems of glycogen m dry or aqueous N,N-drmethylformamrde These data mdrcated 
that a double mnnmum exrsts m the potentral-energy curve of the hydrogen-bonded 
hydroxyl groups of glycogen and a-D-glucose, because they show sphttmg of the 
first-overtone absorptrons However, the mdrcatron of the presence of nonsolvent- 
hydrogen bonded, hydroxyl groups m the various solvents was totally unexpected 

The n i r spectral data for the various carbohydrates grven m Table I and 
Frgs 2 and 4 suggest that nonsolvent-hydrogen bonded, hydroxyl groups are possibly 
m eqmhbnum with solvent-hydrogen bonded, hydroxyl groups, and thrs can be 
consrdered to be an equihbnum occurrmg m the various solute-solvent systems In 
this respect, the thermodynarmc parameters of such eqmhbna may be determmed by 
n 1 r. spectroscopy. Because NJV-drmethylformamxde appeared to be the most 
suitable solvent for studying the nonsolvent-hydrogen bonded, OH overtone of 
carbohydrate-solvent systems, n I r. spectra m the OH-stretchmg, overtone regron 
were recorded for methyl alcohol, ethyl alcohol, and cyclohexanol m N,iV-drmethyl- 
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formamrde, as well as m other solvents that ehcrted varrous extents of hydrogen 
bondmg 

In these studres of model systems, the spectra of methyl alcohol and ethyl 
alcohol m NJV-drmethylformamrde show no absorptrons assrgnable to nonsolvent- 
hydrogen bonded, hydroxyl groups, even at a methanol concentratron of 811mr& 
however, the spectrum of cyclohexanol m N,N-drmethylformamrde (see Frg 6C) does 
show thrs absorptron The data given m Table II were taken from the n 1 r -spectral 

TABLE II 

NEAR-INFRARED ABSORPTION MAXIhlA OF 1 ohi CYCLOHEXAN OL IN VARIOUS SOLVENTS AT 28” 

Solvent 
&?t- 1) 

Absorb- Ratlob 
one@ 

Acetone 

p-Dloxane 

N,N-Dlmethylformamlde 

Methyl sulfoxlde 

Carbon tetrachlorlde 

7059 0 320 
6944 0 454 
6427 0 Ill 0 24 
7059 0 260 
6960 0 312 

6414 0 120 0 38 
7059 0 114 
6743 0 276 
6356 0 194 0 70 
7059 0 092 
6579 0 214 
6356 0 239 1 11 
7078 1 24 

‘The absorbance at the specific wavenumber (cm- ‘) 

bPopulatlon rat10 = 
absorbance of the absorption charactertsttc of mam-mmtmum OH species 
absorbance of the absorption characterlstlc of second-mmlmum OH species ’ 

charactenstuz, first-mmlma absorbances are at 6427,6414, and 6356 cm-l m the various solvents 

absorption maxrma of cyclohexanol m varrous solvents, shown m Frg 6 The 
absorptron at 7078 cm-’ m the spectrum of a solutron m carbon tetrachlorrde 
(Frg 6E) IS the f?rst overtone of the free hydroxyl, stretching fundamental at 
3630 cm- ‘_ The spectra of cyclohexanol m the varrous solvents (see Frg 6 and 
Table II) also show splittings of the OH-stretchmg, first-overtone absorptrons, as well 
as an absorptron at 7059 cm-’ that could be assiged to free OH absorptrons The 
absorptrons at 6944, 6427 cm-’ and at 6743, 6356 cm-’ m the spectra of cyclo- 
hexanol-acetone and cyclohexanol-DMF, respectrvely, are srmdar to the sphttmgs 
found by Bell and Barrow’ m the OH-overtone absorpttons of alcohols m these 
solvents Therefore, the absorptrons at 6427 and 6356 cm-r are assrgned to the OH 
specres m the mam nnmma of the hydrogen-bond, potential-energy functron, and 
those at 6944 and 6743 cm- ‘, to the OH specres m the second mnuma By Inference, 
then, the absorptrons at 6414 and 6969 cm- ’ m the spectrum of cyclohexanol- 
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p-droxane are assigned to the OH species m the mam and second minima Likewise, 
the absorptrons at 6356 and 6579 cm-’ m the spectrum of cyclohexanol-Me,SO are 
also assrgned to the OH species m the mam and second mmrma, respectively 

6250 6667 7140 
GiOpm) (150pml (I+tml 

WAVENUMBER (CM-‘) 

Rg 6 Near-mfrared spectra of 1 OM cyclohexanol III various solvents at 28” [Cyclohexanol m 
acetone (A), p-dloxane (B), NJ’-dlmethylformamlde (C), methyi sulfoxlde (D), and carbon tetra- 
chloride Q 1 

As the n 1 r absorptron maxima of glycogen, a-o-glucose, /CD-glucose, and 
cyciohexanol (see Tables I and II) all indicated the presence both of nonsolvent and 
solvent hydrogen-bonded, hydroxyl specres m solvents of different hydrogen-bonding 
potentrals, we postulate that equlhbna between nonsolvent and solvent hydrogen- 
bonded species were present m the respective solutions With regard to cyclohexanol, 
a conformatlonal eqmhbnum could also be present”, the equatonally attached 

hydroxyl group would be more exposed to hydrogen bondmg than the axially attached 
hydroxyl group, and hydrogen bonding should, therefore, confer additional stabrhty 
on the equatonal dlsposltlon 6 Although hydroxyl groups both axlally and equatonal- 

ly attached m cyclohexanol have been rmphcated with srmrlar faclhty m hydrogen- 
bondmg mteractrons’ ‘, the axial hydroxyl groups of sugars and their polymers most 
probably cannot form hydrogen bonds with the acceptor solvent, because the solvent 
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molecules would have to occupy space very close to the axial hydrogen atoms on the 
same side of the nng’l*l*. Furthermore, as regards a-D-glucose and glycogen 
(comprrsed of a-D-glucose monomenc umts), anomenc eqtibna could also be 
present m the solutions6. In these cases, the equatonally attached hydroxyl group of 
the jl anomer can readdy form a hydrogen bond with the solvent, whereas the axial 
hydroxyl group of the a anomer probably can not bond readily to a solvent molecule, 
because it wouId have to occupy space close to the syn-axial hydrogen atoms 

In order to determme the thermodynamic parameters of hydrogen bondmg 
for cyclohexanoi, a-D-gIucose, and glycogen m the various solvents, the followmg 
equlhbnum was assumed 

7 

nonsolvent solvent 
H-bonded H-bonded 
species species 

Therefore, -d G” can be determmzd from - d G” = RT In Kes PIots of In Ke4 uerSu.s 
l/Tgave AS”/R at l/T = 0, and - AH”/R was calcuIated from the slope of the lme 

The n I r absorption maxlma of cyclohexanol m various orgamc solvents are 
shown m Table III As regards the absorbances of cyclohexanol m N,N-dlmethyl- 
formamlde and methyl sulfoxlde (see Fig 6 and Table III), the OH absorptlons at 
7059 cm- ’ are taken as being charactenstlc of nonsolvent, hydrogen-bonded specses, 
and those at 6356 cm- 1 ( w c are main-mrmma absorptlons), as solvent hydrogen- hi h 

bonded specxes, furthermore, the absorptions at 6743 and 6579 cm- ’ (see Table III) 

TABLE III 

NEAR-INFRARED ABSORBANCES OF THE NONSOLVENT AND SOLVENT HYDROGEN-BONDED SPECIES OF 

7.50IX-M CYCLOHEXANOL IN N,N-DIMETHYLFORMAMXDE AND METHYL SULFOXIDE AT VARIOUS 

TEMPERATURE9 

Solvent Ternp Absorbance Temp Absorbance 
(degrees) (nonsoluent H-bonded) (degrees) (solvent H-beaded) 

NJV-Dunethll- 
formamlde 

Methyl suifoxlde 

28 0 075 28 0 142 
44 0 110 41 0 131 
67 0 159 59 0 116 

102 0 241 87 0 095 
112 0 268 95 0 080 
27 0 057 27 0 174 
39 0 077 39 0164 
49 0 090 46 0155 
64 0 120 55 0146 
68 0 131 63 0 142 
79 0 156 73 0 130 

“Absorbance values of nonsolvent hydrogen-bonded specxs taken at 7059 cm-’ and absorbance 
values of solvent hydrogen-bonded spews taken at 6356 cm-’ 
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m NJV-drmethylformamtde and methyl sulfoxrde, respectrvely, were assrgned as 
second-mmma absorptrons of hydrogen-bonded specres However, rt was later found 
that the second mnuma absorptrons m the spectra of D-@UCOSe and glycogen could 
not be measured accurately as the temperature was increased Therefore, m order to 
be consrstent, mam-mmlma absorptlons, only, are used m these studies 

TABLE IV 

DATA FOR 750lTlM CYCLOHEXANOL IN ~,i%DlhlF.THYLFORhfAh~lDE AND METHYL SULFOXIDE AT 

VARIOUS TEMPERATURES= 

Solvent Temp Absorbance Moles of Absorbance Moles of Total KC, 
(degrees) (nonsolvent) nonsolvent (solvent sorvent moles 

H-bonded) H-bonded found 

N,N-Dlmethyl- 28 0 075 0 123 0 142 0 625 0 748 5 08 
formarmde 44 0 110 0 180 0 129 0 570 0 750 3 16 

67 0 159 0 261 0 110 0 485 0 747 1 86 
102 0 241 0 396 0 080 0 353 0 749 0 891 
112 0 268 0440 0 072 0 317 0 757 0 720 

Methyl 27 0 057 0119 0 174 0 628 0 747 5 27 
sulfoxlde 39 0 077 0 162 0 164 0 591 0 753 3 65 

49 0 090 0 189 0 153 0 562 0751 2 97 
64 0 120 0 252 0 138 0 499 0 751 198 
68 0 131 0 275 0 135 0 488 0 763 1 77 

“Absorption maxlma for the nonsolvent and solvent hydrogen-bonded species represented the OH 
absorptlons at 7059 cm- 1 and the mam-mmlmum absorptlons at 6356 cm- I, respectively The moles 
of the respective species and K,, were calculated from the values of the absorbance of the respecuve 
species, and the total moles found represented the sum of the molar values for the nonsolvent and 
solvent hydrogen-bonded species 

For determmatlon of eqmhbnum constants (I&), spectra were recorded at 
various temperatures The absorbances at 7059 and 6356 cm-’ for solutions m both 
IV&dlmethylformamrde and methyl sulfoxrde were noted (see Table IV), and plots 
of these data, as shown m Fig 7 for the former, were found to mcrease (nonsolvent 
hydrogen-bonded absorbances m Fig 7A) and decrease (solvent hydrogen-bonded 
absorbancres in Fig 7B) linearly with increasing temperature The lines were tested 
by the least-squares method, by use of the General Electrrc Trme-Sharmg Program 
COLNR The correlatron coefficients were 0 99, which mdtcated good strarght-hne 
fits 

Molar absorptrvrties of the species were determmed by the following procedure 
The absorbances of the “pure”, nonsolvent hydrogen-bonded species were taken at 
the temperatures at which the absorbances of the main-rmmmum absorptrons 
extrapolated to zero, and those of the “pure”, solvent hydrogen-bonded specres were 
taken at the temperatures where the nonsolvent hydrogen-bonded absorptlons 
extrapolated to zero (see Fig 7) The absorbances of the “pure”, nonsolvent hydrogen 
bonded specres and solvent hydrogen-bonded specres were found to be 0 458 and 
0 170 m IV&-dlmethylformamide, and 0 357 and 0 208 m methyl sulfoxrde These 



428 

045 

040 

035 

OX) 

w 

2 

$025 

fz 

$020 

I 
0 15 i 

OK) 

005 

G F TROTT, E E WOODSIDE, K G TAYLOR, J C DECK 

TEMPERATURE (DEGREES) 

Fig 7 Plot of the absorbances of the nonsolvent and solvent hydrogen-bonded species of 750mhi 
cyclohexanol m N,N-dlmethylformamlde at various temperatures wonsolvent hydrogen-bonded (A), 
and solvent hydrogen-bonded (mam munmurn) (R) ] 

values gave molar absorptlvltles* of 0 304 and 0 113, respectively, for the nonsolvent, 

hydrogen-bonded and solvent hydrogen-bonded species m the former, and 0 238, 
0 138 m the latter The molar absorptlvltles were then used m determinmg the con- 
centratlons of each species m the solutions at various temperatures Equlhbrmm 
constants (K,,) were calculated from the equation 

k;, = (solvent H-bonded species)/(nonsolvent H-bonded species) 

The vanatlons m K,, induced by changes m temperature are listed m Table IV The 
values of -A G”, -AH”, and -AS” were then determmed as already discussed A 

*This method for determmmg absorptlvltles was hmlted by the melting and bollmg pomts of the 
solvents For N,N-dlmethylformamlde and methyl sulfoxlde, extrapolation through a wide range of 
temperature was necessary m order to obtain the absorbances of the “pure” nonsolvent and solvent 
hydrogen-bonded species (see Fig 7) However, absorbances outslde the range of measurements were, 
evidently, linearly dependent on temperature, because the total moles of the species found deviated by 
-l-2% from the actual concentrations (see Table IV) 
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representative plot for the determmatlon of -LIE?” IS shown m Fig 8 Thermodynamic 
parameters for cyclohexanol, obtamed by the least-squares method, are hsted m 
Table V The values of --dH” and --dS” found for cyclohexanol m NJV-dlmethyl- 
formamIde and methyl sulfoxlde were 5 30 kcal mole- ‘, 14 38 cal deg -‘mole- I, 

0 0020 0 0025 0 0030 0 0035 
i/T 

Fig 8 Values of K., oersrrs temperature, of 750mnr cyclohexanol m N,iV-dlmethylformamlde 

and 5 37 kcal mole- I, 14 60 cal deg - ‘mole- ‘, respectively (see Table V) These 
values are conslderably higher than the values for - ANC,,r and - ASC,,r reported by 
Relsse et al 1 2 for the conformatlonal (conf ) equlhbnum of cyclohexanol m N,N- 
dlmethylformamlde and methyl sulfoxlde, namely, 1 20 kcal mole- ‘, 0 58 cal deg -’ 

TABLE V 
THERhfODYNAhlIC PARAMETERS! OF HYDROGEN-BONDING FOR EQUILIBRIA OF 75kTlM 

CYCLOHFXANOL IN VARIOUS SOLVENTS 

Sample -A G” (kcal mole- ‘) Tenlp -AH”(kcal mole-‘) -AS”(cal deg -’ 
(degrees) mole- ‘) 

NWDlmethyl- 
fonnarmde 095 1005 28 5 30 10 13 1438 f041 

Methyl sulfoxlde 0 99 f0 03 27 5 37 ~I~0223 14 60 A0 43 

“95% confidence llmlts 

mole- ‘, and 0 725 cal mole- I, -0 38 kcal deg - ‘mole-’ As both hydrogen 
bondmg and conformatlonal eqmhbrla can exist In the solvent systems employed m 
this study, subtractlon of the conformatlonal values -AH&,,, and -AS&, from those 
determmed by the n 1 r method ylelded values of -AN and -AS slmllar to those 
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reported by Plmentel and McClellan’ for the OH 0’ system, namely, 3-6 kcal mole- ’ 
for --dH” and 10-24 cal deg -‘mole- 1 for -.4S” Consequently, it was concluded 
that the n I r. method yields thermodynamic parameters for hydrogen-bond formatlon 
between cyclohexanol and the solvents 

Because the n I r method was found apphcable for the determmatlon of 
thermodynamic parameters of hydrogen-bonding of cyclohexanol, the same analytxcal 
procedure was apphed to the a-D-glucose model-system In solutions of cr-D-giucose In 
hydrogen-bondmg solvents, both anomenc and hydrogen-bond formatIon equlhbrla 
can be present With regard to hydrogen-bond formatlon, an equllrbrmm between 
nonsolvent and solvent hydrogen-bonded species can exist Anomenc equlhbnum of 
a-D-glucose, which exists exclusively m the CI conformatxon m solution m both 
methyl sulfoxlde and water lJV1 4, involves primarily* the anomers of the pyranose 
form13 

The difference between the anomers of D-glucopyranose xs that, m the a 
anomer, one axial hydroxyl group mteracts with two syn-axial hydrogen atoms As a 
result, the hydrogen atom of the axial hydroxyl group could, probably, not readily 
form a hydrogen bond with a solvent molecule, because the solvent molecule would 
have to occupy space close to the sJpn-axlal hydrogen atoms 1 l_ However, the axial 
hydroxyl group can form an mtramolecular hydrogen-bond with the rmg-oxygen 
atomg. In contrast, the equatonal hydroxyl groups of the /3-pyranose form can 
readily form hydrogen bonds with the solvent molecules On the basis of the above 

TABLEVI 

NEAR-INFRARJZD ABSORB4NCES OF THE NONSOLVENT AND SOLVENT HYDROGEN-BONDED SPECIES OF 

278mhr C?-D-GLUCOSE IN SOLVENTS AT VARIOUS TEblPERATURESa 

SOftWit Tentp Absorbance Temp 
(degrees) (nonsolvent H-bonded) (degrees) 

Absorbance 
(solvent H-bonded) 

N,iV-Dlmethyl- 27 0 290 
formamlde 48 0 368 

57 0404 
84 0 501 
91 0 522 

10s 0 569 
N,N-Dunethyl- 28 0 25s 

formanude-water 49 0 330 
(19 1) 62 0 360 

84 0 470 
96 0 so0 

27 0 320 
45 0 288 
51 0 280 
76 0 238 
92 0 215 

28 0340 
46 0 270 
56 0 233 
72 0 190 
83 0 155 

=Absorbances for nonsolvent hydrogen-bonded species in DMF and DMF-H+O were taken at 
6964 and 6944 cm-‘, respectively, absorbances for solvent hydrogen-bonded species m DMF and 
DMF-Hz0 were taken at 6325 and 6321 cm-l, respectively 

*In essence, five forms are m eqmhbrmm 111 aqueous solution the a-pyranose, the fl-pyranose, the 
a-furanose, the B-furanose, and the aldehydo form I3 Solutions of D-glucose contain 0 0036% of the 
aldehydo formI and the contents of a- and fl-furanose are too low to be detectable by n m r 
spectroscopy, that IS, the pyranose forms preponderate m the eqmhbnum mixture 
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prenuses, the OH absorptlons at 6964 and 6944 cm- ’ m the spectra of solutions m 
anhydrous and aqueous NJV-dlmethylformamlde are taken as the nonsolvent 
hydrogen-bonded specres, and the mam-mmlmum absorptions at 6325 and 6321 cm- 1 
as the solvent hydrogen-bonded species m the solutions (see Table I) The absorbances 
of the absorption maxnna at various temperatures are hsted m Table VI, and plots of 
these data, which show linear relationships, were used m calculatmg the molar 
absorptlvltles of the “pure”, nonsolvent and solvent hydrogen-bonded species m the 
solutlons. Eqmhbrmm constants and thermodynamic parameters are hsted m Tables 
VII and VIII As wth cyclohexanol, the pomts of the plots of In I& versus l/T for 

TABLE VII 

DATAFOR 278m~a-r~-oLucosE1~ N,iV-DIMETHYLFO RMAM~DEAND 19 1 N,N-DIMETHYL- 

FORhlAhfIDE-WATERATVARlOUSTEMPERATURES* 

sozvenr Temp Absorbance Moles Absorbance Moles Tom1 I(eP 
(degrees) (nonsolvent (nonsolvenf (solvent (solvent moles 

If-bonded) H-bonded) H-bonded) H-bonded) fomd 

N,N-Dunethyi- 27 0 290 0 090 0 320 0 196 0 286 2 18 
formamlde 48 0 368 0 114 0 254 0 174 0 278 1 52 

57 0404 0 125 0 270 0 165 0 290 132 
84 0501 0 155 0 226 0 138 0 293 0 890 
91 0522 0 162 0 215 0 131 0 293 0 810 

105 0 569 0 176 0 192 0 117 0 293 0665 
19 1 N,N- 28 0 255 0 111 0340 0 171 0 282 1 54 

Dnnethyl- 49 0 330 0144 0 267 . 0135 0 279 0 936 
formamlde- 62 0 360 0 158 0222 0112 0 280 0 709 
water a4 0 470 0 206 0 149 0 075 0281 0 364 

96 0 500 0 219 0 110 0 055 0 274 0 253 

“Absorbances for nonsolvent and solvent hydrogen-bonded species were taken from the n m r 
absorption maxlma of the nonsolvent hydrogen-bonded and main-mmlmum absorptlons, respect- 
ively The moles of the respective species and Kc,, were calculated from the absorbance values of the 
respective species, and the total moles found represented the sum of the values for the nonsolvent and 
solvent hydrogen-bonded species 

both solvents closeIy followed straight hnes, mdlcatmg the senetlvlty of the method 
and also that -AH” and -AS” are not temperature-dependent In addltlon, the 
vah&ty of the method was further substantiated by the maxlmum devlatlon of l-5% 
of total moles found m anhydrous and aqueous N,N-dlmethylformamlde (see 
Table VII) The values found for - AH0 and -AS” are 3 37 kcal mole-l, 9 67 
cal deg - ‘mole-l for anhydrous NJV-dlmethylformarmde at 27”, and 5 76 kcal 
moleB1, 18 16 cal deg.-lmole- ’ for the aqueous solvent at 28” (see Table VIII) 
These values are considerably greater than the -AH” and -AS” values of 
0 270 kcal mole’ 1 and -0 19 cal deg - ‘mole- ’ hsted by Isbell and Pigman” for 
anomenc eqmhbnum m aqueous solution at 25’ If these thermodynamic parameters 
for the anomers can be assumed to be close to those for hydrogen-bondmg solvents 
m general, It 1s obvious that the values of -AH” and -AS” hsted m Table VUJ are, 
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TABLE VIII 

THERMODYNAMIC PARAMETERS OF HYDROGEN-BONDING FOR KY-D-GLUCOSE AND GLYCOGEN AT 

EQUILIBRIUM IN VARIOUS SOLVENTS= 

Solute and -A G” (kcal mole- l)b Temp -AH” (kcal mole- I)* -AS” (Cal deg - 1 
soltent (degrees) mole- 1 

a-D-Gkose- 

DMF 045 fool 27 337f004 9 67 f0 15 
a-~-Glucose- 

DMF-Hz0 027 f0 17 28 575 f069 18 16 f2 06 
Glycogen-DMF 031 fool 28 2 38 f0 10 691 f030 
Glycogen- 

DMF-Hz0 070 f007 28 6 87 fO40 2046 fl20 

#Carbohydrate concentration was 278mhf %J5% confidence 1lrnn.s 

m essence, those for hydrogen-bond formatlon In this regard, the addltlon of 5% of 
water (2 77 molar) to a 278 mdhmolar solution of R-D-glucose m N,N-dlmethyl- 
formcmlde resulted m stronger hydrogen-bonding (as mdlcated by the larger -AH” 
v&e of 5 76 kcal mole-‘) and greater order, which led to the larger -AS” value of 
18 16 cal deg -‘mole-’ (see Table VIII) However, the --dG” value for a-D-glucose 
m DMF-Hz0 (0 27 cal mole-‘) IS less than that m DMF (0 45 kcal mole- ‘) (see 
Table VIII) The fact that cr-D-glucose has the lower -A G” and higher -AH” and 
-AS” values m DMF-H,Q when compared to those m DMF, cannot be explamed r, 
at present 

TkBLE IX 

NEiR-INFRARED ABSORBANCES OF THE NONSOLVENT AND SOLVENT HYDROGEN-BONDED SPECIES OF 

27&llhl GLYCOGEN IN SOLVENTS AT VARIOUS TEMPERATURES’ 

So+ent Temp 
(degrees) 

Absorbance Temp 
(nonsolvent H-bonded) (degrees) 

Absorbance 
(solvent H-bonded) 

N, V-DImethyl- 28 0 204 
forrnamtde 45 0 239 

54 0 250 
58 0261 
70 0 273 
82 0291 

19 I N,N-Dlmethyl- 28 0 168 
f xmarmde-water 40 0 235 

66 0 350 
75 0 420 
80 0440 

102 0 550 

56 
63 
83 

28 0 220 
44 0 182 
53 0 170 
68 0 135 
83 0 107 

0 234 
0 219 
0 203 
0 200 
0 178 

“Absorbances of nonsolvent hydrogen-bonded spectes were taken at 6960 cm- I, and absorbances for 
sohent hydrogen-bonded species m DMF and DMF-H,O solutions were taken at 6329 and 
633 I cm-‘, respectively 
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The procedure for the determmatlon of thermodynamic parameters of oyster 
glycogen was slmllar to that used for a-D-glucose and cyclohexanol Hydroxyl-group 
absorptions at 6960 cm- ’ m the spectra for solutions m both DMF and DMF-H,O 
(see Table i) mdlcated the presence of nonsolvent hydrogen-bonded species Mam- 
mmnna absorptions at 6329 and 6331 cm- ’ m DMF and DMF-H,O are taken as 
bemg charactenstlc of solvent hydrogen-bonded species The absorbances of the 
absorption mamma at various temperatures are hsted III Table IX, plots of these data, 
which show lmear relatlonshlps, were used to calculate the molar absorptlvIties of the 
“pure” nonsolvent and solvent hydrogen-bonded species m the solvents The 
eqmhbnum constants and thermodjrnamlc parameters are hsted m Tables VIII and X 
As with cyclohexanol and cr-D-glucose, the points m the plots of ln KCq versus l/Tfor 
both solvents closely followed straight hnes, tls vertied the sensltlvity of the method, 
and also indicated that --dH” and -AS” did not vary with temperature The vahdlty 
of the method was further substantiated by the fact that the tota moles of species 

TABLE X 

DATA FOR 278mm GLYCOGEN IN N,i%DIh5ETHYLFORhfAh%IDE AND 19 1 N,N-DIMETHYL- 

FORMAMIDE-WATER AT VARIOUS TEhlPERATURESQ 

Solvent Temp Absorbance Moles Absorbance Moles Total 
(degrees) (nonsolvent $o;;;$e;t (solvent (solvent moles 

H-bonded) - H-bonded) H-bonded) foand 

N,iV-Dlmethyl- 28 0 204 0 103 0 234 0 173 0 276 1 68 
fonnamlde 45 0 259 0 120 0218 0 161 0 281 1 34 

54 0 250 0 125 0 209 0 155 0 280 1 24 
58 0 261 0 132 0 202 0 149 0281 1 14 
70 0 273 0 137 0 191 0 141 0 278 1 03 

82 0 291 0 147 0 180 0 133 0 280 0 90.5 

19 1 N,i% 28 0 168 0 065 0 220 0212 0 277 3 26 
DImethyl- 40 0 235 0091 0 195 0 188 0 279 2 06 
formamlde- 66 0 350 0 136 0 141 0 136 0 272 1 00 
water 75 0 420 0 164 0 122 0 118 0 282 0 720 

80 0440 0 171 0 112 0 108 0 279 0 632 
102 0 550 0 214 0067 064 0 278 0 299 

aAbsorbances for nonsolvent and solvent hydrogen-bonded spec:es were taken from the n I r 
absorption m-ma of the nonsolvent hydrogen-bonded and mam-mmimum bonds, and Kc,, values 
were calculated from the absorbance values of the respective species, the total moles found represents 
the sum of the nonsolvent and solvent hydrogen-bonded values 

found deviated from the actual concentratrons rn both solvents by only I % Lrterature 
values for the thermodynamic parameters of hydrogen-bond formatlon of glycogen 
m hydrogen-bonding solvents were not available However, the values of -AH” and 

-AS” listed m Table VIlI, namely, 2 38 cal moIe- ‘, 6 91 kcal deg -lmole- l in 
DMF, and 6 87 kcal mole- ‘, 20 4 cal deg - ‘mole- ’ m DMF-H,O are close to those 
for hydrogen-bond formation’ In ths respect, the increase m strength of hydrogen 
bonds formed by the addltlon of water to NJV-dlmethylformamlde IS reflected m the 
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larger -AH” and -AS” values of glycogen m DMF-H,O (see Table VJll) The 
-AS” value (0 70 kcal mole- ‘) for oyster glycogen m DMF-HP0 IS greater than the 
-AG” (0 31 kcal mole-‘) m DMF Tlus mdrcates that the addrtton of water to 
N,N-drmethylformamide mcreases the concentration of solvent hydrogen-bonded 
spectes This Increase m the concentration of the solvent hydrogen-bonded species m 
DMF-H,O may correspond to the increase m strength of hydrogen bonds as Indicated 
by the greater -AH” and - AS0 values found rn DMF-Hz0 (see Table VIII) 

In attempts to study the hydrogen-bonding capability of carbohydrates m the 
OH-overtone regton by n 1 r spectroscopy, the choice of acceptor and non-acceptor 
solvents was somewhat hmited, owmg to the solublhty characterrsucs of carbohydrates 
m organrc solvents From the broiogtcal vrewpomt, It would be most desirable to study 
these types of mteractrons either wrth water or physrologrcal saline (0 85% of NaCI) 
as the solvents Obviously, netther pure water nor 0 85% NaCl solution could be used 
as the solvent for study of the OH-overtone regon at the cell thickness (2 cm) 
employed m these studies However, it was found that a bmary soIvent, 19 1 DMF- 
HzO, could be used for the OH-overtone region As 5% solutrons of the various 
carbohydrates were used throughout thts study, the presence of 5% of water m thus 
binary solvent afforded a molar ratto of carbohydrate to water of 1 10, consequently, 
this solvent system was employed m an attempt to gain some insight into the relevant 
propertres of carbohydrates m the presence of water 

The double-mnnmum concept has been exammed both theoretically’ and 
expenmentally’ Bell and Barrow’ found that the spectra of the first and second OH 
overtones of ethanol and phenol m solvents of various proton-acceptmg ablhttes have 
a pan of solvent-dependent absorption bands It was shown m this work’ 5 that the 
height of the second, potential mnumum depends on the hydrogen-bondmg strength 
of the alcohol and on the acceptor strength of the solvent Various systems have been 
studted to date’, however, mvestlgattons of monosaccharide and polysacchande 
systems had not hitherto been made The results of the present study have shown that 
polyhydroxy molecules also elmit double-mnuma, potential-energy curves m solvents 
of vaned proton-accepting abllmes 

The spectra of sohd glycogen and solid a-D-glucopyranose (see Figs 2 and 4) 
also indicated the presence of a doubIe nummum Although mterpretation was 
difficult, because of the broad absorption at 6944 cm- ‘, hydrogen bondmg appeared 
to be weaker m the sohd state than m the solvents, thrs would be expected, because 
glycogen IS soluble m anhydrous and aqueous NJ-dtmethylformamlde and m methyl 
sulfoxide, and, consequently, Interacts, uza hydrogen bonding, with the solvents 
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