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ar-hydrogen bonding between water and aromatic hydrocarbons
at high temperatures and pressures

Seiya Furutaka and Shun-ichi lkawa
Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

(Received 1 March 2002; accepted 17 April 2p02

Infrared OH stretching absorption of HDO isolated in aromatic hydrocarbons have been measured
at temperatures of 473 and 523 K and at pressures in the 100—350 bar range. The peak frequencies
are dependent on the solvents and their order, bebzt®hegene>ethylbenzenecumene
>0-xylene~m-xylene>mesitylene, is exactly the same as the order for the ionization potentials of
the hydrocarbons. Shifts of the frequencies from that of HDO in hexane, which was measured as a
reference at the same temperature and pressure, were analyzed using a charge transfer theory for
hydrogen bonding. Distances between the water molecule and a solvent phenyl ring were estimated
to be 2.8-0.1 and 2.90.1 A at 473 and 523 K, respectively. These values are consistent with a
structure of a water—benzene complex determined by a jet-cooled microwave spectroscopy. These
facts suggest that the-hydrogen bond between water and aromatic hydrocarbons exists even at the
high temperatures under pressure. 2002 American Institute of Physics.
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I. INTRODUCTION rather large mutual solubility of water with aromatic hydro-
carbons as compared with alkanes at ambient condition
should be the result of a hydrogen-bondlike interaction be-
f¥een water andr electrons of an aromatic ring:18

This type of interaction involvingr electrons has been

It has been known for a long time that aromatic hydro-
carbons act as hydrogen bonding bases. This tendency w.
initially confirmed by infrared spectroscopyThe spectrum
of o-biphenylol (2-hydroxybiphenyl in a dilute CC}, solu- . . I .
tion showed a doublet in the region of the first overtone Ofcon5|dereq to be important in b|olog|cal systefhighe com- .
the OH stretching. The doublet was assigned to two differenf’O" constituents of glqbular proteins such as p_henylalanln_e,
conformers in equilibrium produced by coupling of the hy- tryptophan, and tyrosine possess an.ar.omatlc side-chain.
droxyl group with the nearby phenyl ring. After that, many When they encounter water molecules in internal hydropho-
researchers have studied intra- or intermolecular interactioric cavities of the proteing-hydrogen bonds may contribute
that aromatic hydrocarbons act as hydrogen bonding Bases.to stabilize the local structure of the proteff<On the other
On the other hand, hydrogen bonding of water with benzenéand, if they lie on the surface of proteins;hydrogen
was indirectly confirmed by 8H—NMR method'~® The hy-  bonds will contribute hydration energyWater at high tem-
drogen bond interaction usually shifts a proton resonanceeratures and pressures, that is, the hydrothermal conditions,
signal to lower fields, but the interaction with benzene shiftss prevalent in geochemistry and may have contributed to the
the proton signal of water to higher fields. This opposite shiftorigin of life.?2?3 To understand microscopic mechanism of
has been interpreted in terms of the diamagnetic anisotropghe supercritical water oxidation of organic wastes, molecu-
of the aromaticr electrons. The hydrogen bonding interac- |g¢ dynamics simulations have been perfori&d® It has
tion of water vyith aromatic hydrocarbons in the liquid statepeen pointed out that a benzene molecule can be preferably
was also studied by infrared spectroscépyFurthermore, approached by the hydrogen atom of a water molecule under

complexation of water with alkyl-substituted benzenes washe gypercritical conditiof® The hydrogen bonds between
studied in argon matrices by infrared spectroscpgom- water and aromatics at high temperatures and pressures,

Eg;scigxgg ?ned Fi)seoall:t(;l\clja\\//v(z\tggmdbiec;ﬁ%; v;?;erer??)gizl ic:- th'Ialowever, still remain largely unknown. In the previous
P yarog gapers",7‘3lwe have reported the infrared spectra of HDO in

teractions between a water molecule and a phenyl ring. ThSome aromatic hvdrocarbons at hiah temperatures and pres-
ground-state microwave spectrosctignd the resonant ion- e ny : '9 peratu P
sures, and found a certain correlation between the frequency

dip infrared spectroscop§™® of jet-cooled water—benzene >~ N . .
mixture have revealed gas-phase structure of the waterShifts of HDO and the ionization potentials of the aromatic

benzene complex, in which the hydrogen atom of a watefydrocarbons at 373-473 K and 100 BaThis fact suggests
molecule points towards the benzene riAd. initio calcula-  that the interaction of water and aromatic hydrocarbons in
tions have shown that the order of magnitude of the bindinghe high temperature—pressure mixtures can be described as
energy of the water—benzene complex is 7-12m-hydrogen-bonding. In order to obtain further insight into
kJ mol ,*+14-18which is intermediate between the binding the 7-hydrogen-bonding, this paper deals with measurements
energy of van der Waals complexes and that of typicabf the infrared spectra of HDO in aromatic hydrocarbons at
hydrogen-bonded complexes. Some authors claimed that thke extended range of temperature and pressure and reports
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FIG. 1. Infrared absorption of HDO in cumene at 4734 and 523 K(b)

at a few pressures. FIG. 2. Infrared absorption of HDO in various alkyl-substituted benzenes at
473 K and 100 bar.

an analysis of the frequency shifts on the bases of a chargstretching region was obtained by subtracting the spectrum
transfer model. of neat hydrocarbon measured at the same condition.

lll. RESULTS AND DISCUSSION

Il. EXPERIMENT Fig_ure 1 s_hows the OH stretching absorption of
HDO dissolved in cumene at 473 and 523 K at a few pres-
A high-pressure cell used has been described in detagures. Bands at about 3640 cthand 3580 cm'® are as-
elsewheré®®! The optical path length of a sample was 1 signed to hydrogen-bond-free OH groups and hydrogen-
mm. Spectroscopic grade benzene, toluene, ethylbenzensonded OH groups, respectivéy?® It should be mentioned
cumene,o-xylene, mxylene, mesitylene, and hexane from here that the term “hydrogen-bonded” means “hydrogen-
Nakarai TesquéJapan and deuterium oxid€99.9% D from  bonded to water” and the hydrogen-bond-free groups are the
CEA (France were used as received. The water specimensnes believed to be bonded to the aromatic hydrocarbons
were mixtures of HO and B,O with a ratio of 1:10 and 1:20. probably through ar-hydrogen bonding. A band at about
Then the ratios of the isotopic species®4 HDO, and DO 3910 cm * is assigned to a combination band of@?° In-
in these specimens were estimated to be 1:20:100 drared absorption of HDO observed in all the solvents used
1:40:400. Therefore, contribution of,B to the infrared OH are very similar in profile as seen in Fig. 2. Positions of
stretching absorption can be approximately neglected athe hydrogen-bond-free bands, however, vary with different
compared with that of HDO, and the observed OH band isolvents. The peak frequencies are in the following
assigned only to HDO. A syringe pump of liquid chromatog- order, benzenetoluene>ethylbenzenecumene>o-xylene
raphy was used for transmitting compressed liquids of hy—~m-xylene>mesitylene. This is exactly the same order as
drocarbons into the cell in which a certain amount of thethat of the vertical ionization potentidfsof the hydrocar-
water specimens had been put in advance and its level atbons as shown in Fig. 3. The ability of the hydrocarbons as
justed so as to be slightly below the optical path. Infraredthe hydrogen-bond acceptor will be related to their electron-
absorption of the hydrocarbon-rich phase was observed wittelease tendency which is represented by the ionization po-
a BOMEM DA3 Fourier-transform spectrometer equippedtential. Another intriguing point is that the peak frequencies
with a Cak beamsplitter and a mercury—cadmium—tellurideof the monomeric HDO in benzene, 3649—3651 ¢rim the
detector. The spectral measurements were performed with £73-523 K range, are near to that of a water—benzene com-
cm ! resolution at sample temperatures 473 and 523 K anglex, 3650 cm? 2 which was observed for a jet-cooled clus-
pressures in the 100—350 bar range. The phase equilibriuter with resonant ion-dip infrared spectroscopy. This agree-
of the mixture was confirmed by the spectrum that was unment suggests that the monomeric water in benzene at high
changed for at least 1 h. Absorbance of HDO in the OHtemperature and pressure undergoes a similar interaction to
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FIG. 3. The correlation between OH stretching frequencies of HDO and theFlG. 4. Infrared absorption of HDO in hexane at 473 K and 100 bar. The

vertical ionization potential of solvent aromatic hydrocarbons. arrow indicates these band, the Q branch of HDO molecules free from
water—water association.

that in the low-temperature complex, in which water forms a
hydrogen bond with benzene, with one of its hydrogen atomsnatic hydrocarbons except the charge transfer effect. Figure
pointing toward the center of the aromatic ritgln this 4 shows infrared absorption of HDO in hexane at 473 K and
configuration, ther-electron of the benzene ring is thought 100 bar. The profile of the OH absorption is remarkably dif-
to act as a hydrogen-bond acceptor. ferent from those in aromatic hydrocarbons. The bands at
To characterize further the water—hydrocarbon interacaround 3680 and 3600 crh are assigned to the hydrogen-
tion in the high-temperature—pressure mixtures, we analyzelond-free and hydrogen-bonded species by the analogy with
correlation between the OH stretching frequencies and ththe OH bands in aromatic hydrocarbons. The band at about
ionization potentials of aromatic hydrocarbons using a3780 cm* is assigned to a vibration-rotation transition of
charge-transfer model for hydrogen bonding by Ratajczakydrogen-bond-free HDO, by analogy with the peak of fre-
and Orville-Thomas? On the basis of Mulliken’s second- quency measured in an argon maftfixThe corresponding
order perturbation calculation for loose 1:1 charge-transfebands can be seen in the spectra in Fig. 2, but their relative
complexes* they derived the following relationship be- intensities are significantly smaller than that of 3780 ¢m
tween the frequency shift of an X—H stretching band,band in hexane. This fact indicates that the rotational motion
Av(X-H), and the vertical ionization potentidly, of an  of the water molecule in hexane is significantly free as com-
electron donor molecule(aromatic hydrocarbon in the pared with that in aromatic hydrocarbons, and may be quasi-

present study free as in decane and octane at ambient condifidAThis is
probably due to absence of a hydrogen-bondlike interaction
a . . . _
[AV(X—H)]‘1=—2(I 5—Ex—C), (1) petween water and hexane, be!ng different from the interac
B35 tion between water and aromatic hydrocarbons. It should be

noted here that the 3780 crh band assigned to the
. . ) " vibration-rotation transition should have a lower frequency
molecule(water in the present stughC is the difference in counterpart with roughly the same broadening but less inten-

stgblhzauon energies between_thg excited and ground stateaty_ This component can be seen by a band decomposition
ais a constant for structurally similar hydrogen-bonded com-,

i ) h by dotted li in Fig. 4. Details of the band sh
plexes, and3, is related to the overlap integral between thes own by dotted fines in g etalls ot the band shape

donor and tor orbitals. For convenience, E)is r analysis will be reported elsewhere.
w?itt?anaas acceptor orbitals. For convenience, s re- The resulting values ofv) ! are plotted againdt, in

Fig. 5. As expected above, the plots are approximately linear
[Av(X—H)] t=m-Ip+n, (2)  for every experimental condition. This fact indicates that the
interaction between water and aromatic hydrocarbons in the

where, E, is the electron affinity of the electron acceptor

where mixtures at high temperatures and pressures can be described
m=a- ,852, (3) as the charge-transfer interaction or théydrogen bonding.
_2 Using theE, value of water, 1.2 e¥ the distancer
n=-a- By (Ex+C)=—m-(Ep+C). (4)

between water and the phenyl ring can be estimated from the

Thus, a linear relationship is expected betweam) * and  experimentally determineah andn values on the assumption

Ip. thatr is independent of the aromatic hydrocarbons used in
The frequency shif\ v is given byAv=1vr—vg, where  the present study. From Eq®) and(4), we obtain

ve andvg, respectively, are OH stretching frequencies free

from and influenced by the charge transfer effect. As a value —+E,=—C. (5)

of vg, the OH stretching frequency of HDO in hexane at the

same temperature and pressure asugris used. It is as- The stabilization energy of the excited state, or the charge

sumed thatvg involves a similar interaction to that in aro- transfer state, is approximately given by the Coulomb energy
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FIG. 5. Plots of the frequency shifts of the OH stretching of HDO againsthydrocarbons have been measured at 473 and 523 K
the ionization potentials of the solvent aromatic hydrocarbons at 478 K and pressures in the 100—350 bar range. The OH Stretching
and 523 K(b) at 100—300 bar. . . .
frequencies assigned to HDO monomers, which are
free from water—water association, are in the following
order: benzenetoluene>ethylbenzenecumene-o-xylene
~m-xylene>mesitylene. We have analyzed a correlation of
the OH stretching frequencies with the ionization potentials
of the solvent hydrocarbons using a charge transfer theory
for hydrogen bonding. The charge transfer distance between
the water molecule and the solvent aromatic ring estimated
y that model is consistent with the structure of a water—
enzene complex obtained by a jet-cooled microwave
spectroscopy and theoretical calculatiors.This fact sug-

of the ion pair and much larger than that of the ground
state’® Therefore, C is approximately given by
—q%/(4meyr), whereq is the elementary electric charge
(q=1.602<10"1° C) and ¢, is the electric permittivity of
vacuum ,=8.854x10 *? F m™?). Consequently, the dis-
tance or, strictly speaking, the charge transfer distanoe-
tween water and the aromatic hydrocarbon is given by th
following relationship:

q® gests that ther-hydrogen bond between water and aromatic
r= Ameg —(n/m)—Ex]’ (6)  hydrocarbons exists even at high temperatures under pres-
0 A sure.

Using the values oh/m estimated from the slope and the
intercept of the plots in Fig. &, is estimated to be 280.1 = ACKNOWLEDGMENTS
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