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An IR Study of Hydrogen Bonding in Liquid and Supercritical Alcohols
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IR spectra in the region of the OH stretching band of liquid-like and supercritical metharel 239.4°C,

P. = 80.8 bar), ethanol (240.9C, 61.4 bar), 2-propanol (235°Z, 47.6 bar), and 1-butanol (289¢€, 44.1

bar) (data from ref 1). Chem. Eng. Datd995 40, 1025) have been recorded over a wide range of temperature
and pressure up to 45C and 1000 bar. The spectra were obtained using a high-pressure, high-temperature
IR cell and a specially developed measuring technique, in which the integrated intensity of the absorption
band of the G-H stretching vibrations is used as an internal standard. This analysis allows the fraction of
hydrogen-bonded and non-hydrogen-bonded hydroxyl groups in 2-propanol and 1-butanol to be estimated
over the whole range of experimental conditions as a function of both temperature and pressure. With this
approach, it is unnecessary to know the density of the sample or even the path length at which the spectra
were obtained. However, the approach is less reliable in the case of ethanol and cannot be applied to methanol
because the spectra of these substances are complicated by rotational fine structure. An unexpected result of
this study is the possibility that only one type of hydrogen-bonded species exists in ethanol, 2-propanol, and
1-butanol when the mole fraction of hydrogen-bonded molecules is less than about 0.6. When the probability
of hydrogen bonding is greater, evidence for a strong cooperative effect is seen.

molecular dynamics (MD) analysis dH NMR datal® and
X-ray diffraction1®20In contrast, detailed analyses of tseme

Supercritical (sc) fluid technologies have opened up new itraction data have found clusters of different tyé8or have
opportunities in many areas of chemistry and engineering but peen inconclusivé More recent neutron diffraction studies have
so far it has been supercritical G@nd to a lesser degree  aiempted to clear up these ambiguities, again suggesting the
supercritical water, sciD, that have attracted most attentfon.  ¢qrmation of winding chainlike structur@4:26 Further X-ray
It has been demonstrated that sed®an effective medium 54 neutron diffraction experiments have investigated the effect
for a wide variety of chemical reactions and processing, of pressure on liquid MeORY In addition, liquid tert-butyl
whereas oxidation in sc# has been shown to be highly  giconol has been subject to a number of recent std@ds,
efficient? A large driving force for the application of these fluids including a combined MD antH NMR investigation by Yonker
has been the environmental benefits they provide compared tog; al., which suggested the prevalence of a cyclic tetrd@fer.

conventional solvents, coupled with the ability to optimize the
characteristics of the fluid by adjusting the temperature and ;.
pressure. The use of other sc fluids, such as sc alcohols an
scNH; has been less widespread, despite being much less,
aggressive than s¢B and having lower critical parameters.
Nevertheless, supercritical methanol (MeOH), ethanol (EtOH),
and 2-propanoliPrOH) have found applications mainly in the
preparation of solid-state materidis, as well as in polymer
recycling and transesterificatiohln addition, it has been shown

The importance of understanding the nature of intermolecular
teractions, such as hydrogen bonding, in sc fluids has been
ecognized for some tim&-3% For example, it has been
suggestett that the unusual properties of,® arise from its
peculiar physical state, which in turn depends on the connectivity
of a network of H-bonded molecules. The question of the degree
of hydrogen bonding found in seB and its structure has
attracted considerable interest over the past detaéieThe
effect of pressure and temperature ontHeNMR spectrum of

that s&PrOH can enable transfer hydrogenation reactions to take MeOH has been studied quite extensivéy?2 Hoffmann and

place without the need for either hydrogen or a catdfyst.

Conrad?® measured the chemical shift of the hydroxyl proton

The nature of H-bonded substances, such as simple alcoholsgf MeOH and EtOH up to 456C and 400 bar. Comparing this
has attracted interest for the majority of the last centiry.  ghift relative to that of the Chiresonance, they estimated the

H-bonded chain structures are believed to predominate in thedegree of hydrogen bonding using a simple model. MD

liquid states of a number of a_IcohoIs, pa_lrticularly in MeOH and  simulation4®43have suggested that the structure is made up of
EtOH, which have been studied extensively. Evidence for these|ong chains, which are broken into shorter chains at lower

structures includes information from computer simulatitng? densities. Most recently, Yamaguchi etatompleted a neutron
diffraction study which, in contrast to the MD simulations,
 University of Nottingham. suggested that clusters of-8 molecules exist at moderate
* Russian Academy of Sciences. E-mail: hunch@issp.ac.ru. densities in scMeOH.
§ Fukuoka University. E-mail: yamaguch@sunspl.sc.fukuoka-u.ac.jp. .
I'E-mail: Martyn.Poliakoff@nottingham.ac.uk. http://www.notting- The use Of IR spectroscopy in the study of H'bc_mded systems
ham.ac.uk/supercritical/. has a long history. There have been many experimental studies
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of hydrogen bond associations in alcohols under various T T T L.
conditions and in solutiof?~4° More recently, the development ol @ Butanol 500 bar
of new IR techniques has begun to give a further understanding
of the topology of H-bonded clusters in alcot8i$* and the

use of IR in the study of associations in MeOH has been recently 40
reviewed®® Obtaining spectra of pure liquid alcohols in the mid-

IR region is often complicated by the need to use very short
path lengths, a situation made even more difficult at high
temperature and pressure. Perhaps this is the reason, to the best
of our knowledge, there have not been many previous studies
of alcohols in the mid-IR region at high temperatures. These
difficulties may be circumvented either by investigating the NIR
spectrurf® or by turning to Raman spectroscopy, as in the work 40 -
of Ebukuro et aP” on scMeOH. However, IR spectroscopy is
generally more sensitive to hydrogen bonding.
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Here we aim to estimate the degree or the probability of 0 . L= , L
hydrogen bonding in a series of alcohols in a variety of 2750 3000 3250 3500 3750
thermodynamic states, using IR spectroscopy. We use the term Wavenumber / cm”

“probability” only to emphasize the probabilistic character of g ,re 1. (a) Normalized spectra of 1-butanol at isobaric heating in
the phenomenon of hydrogen bonding and the fact that our the region of the €H and O-H stretching vibrations. (b) Same for
results are only semiquantitative estimates. isothermal compression. The intensity in the regionvgO—H) is
expanded by a factor of 5.
2. Experimental Section
] ] ) bar and can be used both in static and flow modes. Naturally,

MeOH (*Khimreactiv’, 0.4% HO), EtOH, (Fisher, 0.2%  the cell can be used also as a fixed path length cell if necessary.
H20), 2-propanol (*Khimreactiv”, 0.3% pD) and 1-butanol  one can simply put gaskets between windows and press them
(Fisher, 0.2% HO) were dried over molecular sieves and together. However, using a fixed path length over a large range

degassed prior to use. A unique high-pressure, high-temperatureyf gensities and temperatures to study OH absorptions is very
(HPHT) cell with sapphire windows has been used for quantita- jnconvenient.

tive measurement of IR or FTIR absorption spectra. The cell is

essentially a modified and improved version of our earlier cell 5,4 10 mm) were simultaneously put to use, the 12 mm
with a variable path lengtff. The ability to vary the pathlength  yindowed cell with a ratio-recording IR spectrophotometer

of this cell during an experimenat high temperature and  perkin-Elmer 983 (at IEM RAS) and the other with a FTIR
pressure allows one to circumvent most of the common and interferometer Perkin-Elmer 2000 (at the University of Not-
specific errors that distort the shape of absorption bands a”dtingham). All spectra were recorded with a resolution of 4&m
affect the accuracy of intensity measurements. COmmon Sourcegoyever, no difference was found between the results obtained
of error include contributions from atmospheric water vapor and vt these two experimental setups, except, of course, that FTIR
CQ,, scattering of light within a sample, limited and uneven s certainly faster, more convenient, and precise. The data on
transparency of windows, and light losses at reflections. The \jeoH andiProH were obtained with the dispersive spectrom-
most serious specific source of error, which is of greater concern ger  \yhereas data on EtOH and 1-butarBuQ@H) were

for dispersive spectrometers, is the vignetting of the beam (o rged with FTIR. A detailed description of the earlier cell is
because of the insufficient linear and angular apertures of HPHT given elsewherésa

cells. All these errors are avoided by recording the spectrum as

a difference between two absorbance spectra obtained a

different path lengths under otherwise identical conditions. For 3. Data Treatment

accurate quantitative measurements, one only needs to know It is well-known that in the high-density liquid phase, the
the difference between the path lengths, which can be foundspectra of alcohols are dramatically different from those of
using a micrometric microscope or a precision transducer. gaseous phases with much broader spectra, shifted to lower
However, there is no need to know the absolute path lengths inwavenumbers due to increased hydrogen bonding and frequency
the particular experiments described here. It is only necessaryof collisions between molecules. In this study, we examine the
that both path lengths should provide absorbances in the rangdR spectra at a range of intermediate and high densities and

Two such cells differing only in the window diameter (12

of approximately 0.31.1 for both vO—H) and v{(C—H). implement the procedure described below to estimate how
Typically, the absolute path lengthised in this workvere in H-bonding varies under different conditions.

the range 66 150um, and the differencA between them varied Our procedure for data processing can be illustrated by
from ca. 4 to 10Qum. analysis of the spectra 8BuOH. Figure 1 shows the spectra

The cell consists of two main parts: the cell itself and a drive in the region of thevs(O—H) stretching vibrational modes
mechanism, which reduces the force needed to change the pattobtained at a constant pressure of 500 bar (Figure 1a) and at
length. The latter moves the body of the cell relative to one of isothermal compression (Figure 1b). As can be seen, heating
the windows fixed to the pillar of the drive mechanism. The of the sample or a decrease in density leads to a strong decrease
cell has a movable thermocouple, which is very useful to in the peak intensity and a shift to higher frequencies.
calibrate the thermocouple in the normal position, that is, outside Simultaneously, the intensity of a relatively narrow band,
the irradiated volume. In this study the transverse temperaturecorresponding to monomeric (i.e., non-H-bonded) hydroxyl
gradient did not exceed-B °C even at the highest temperatures groups, increases, whereas its position changes slightly between
and low pressures and was less thaCTor denser states. The  approximately 3635 and 3640 cin(cf. 3671 cnt?! in the gas
cell can withstand conditions as severe as-5880°C at 1500 phase). It should be stressed that the band due to the monomeric
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TABLE 1: Integrated Intensity of Absorption of v{(C—H) T ' T
for Methanol and 2-Propanol 350°C, 250 bar 7 4
T,°C P,bar  p,gcnt?® A, micron  Ac—n, km moit '
Methanol
350 100 0.082 112 119.2
350 200 0.244 27 103.2 o
350 300 0.378 26 109.7 §
350 400 0.451 21 108.6 8 | == , ,
[o]
350 500 0.504 19 106.0 8 Bonded OH Non-bonded OH
2-Propanol <
200 500 0.687 3.2 152.8
250 500 0.619 4.0 149.7
300 500 0.581 4.6 157.0
species includes also a contribution from the “free OH” of 3
hydrogen bond acceptor molecules at the terminus of linear , —
multimers5959 The resolution of this absorption band, even at 3200 3400 3600 3800
high density and low temperature, is sufficient to apply a peak Wavenumber / cm’™

fitting procedure to evaluate the approximate fraction of non- Figure 2. Example of the fitting procedure, shown for 1-butanol. (a,

H-bonded OH groups. Normally, to calculate the fractions of Top) experimental spectrum (circles), mixed Gaussiaprentzian

H-bonded and non-H-bonded molecules, the value of the functions (dashed lines), and their sum (continuous line). (b, Bottom)

absorption coefficient needs to be known but the density of Peak “H2" is the sum of the first and second components of

"BuOH at high pressures and temperatures remains as ye?ecowcg“t'gnd('ggondw OH), and peak "3" is the third component
. JP non-H-ponae .

unknown. To overcome this difficulty, we suggest an approach )

based on the assumption that over the range of experimental

conditions, the coefficient of the integrated absorption Ithe fitting procedure forBUOH. Two broad low-frequency

functions represent the distribution of H-bonded OH groups,

v whereas the narrow high-frequency component is attributed to
A= fvl «(v) dv (1) the monomeric OH groups. It should be stressed that, because
we can see no specific features (shoulders, bending points) in

wherex(v) is the molar (Napierian) absorption coefficient, does the contour of the broad band corresponding to the H-bonded
not change significantly for all the bands corresponding to the OH groups, we can only consider their distribution as a
v{C—H) vibrations. Some indirect evidence in favor of this continuumSo, we plac@o physical meanini the presentation
point is provided by the fact that the peak positions/gC— of H-bonded molecules as a sum of two peaks (1 and 2). This
H) bands in the spectra of the four alcohols do not change overiS only to describe a slight asymmetry of the distribution. On
the whole range of temperature and pressure explored, at leasthe other hand, solutions of some alcohols in heXameCCL®*
within the limits of instrumental error (see corresponding show distinct evidence of multicomponent composition of t_he_
spectral region in Figure la,b). This means that neither band_ of H-bonded OH. In such cases, advanced analysis is
temperature nor density nor-@---O hydrogen bonds affect possible, such as, for example, Farland ét Alave performed.
the C—H configuration of the molecules noticeably. Table 1 If the spectral bands are not well resolved, fitting procedures
shows the integrated intensityof thev(C—H) band for MeOH must always be used very cautiously. In such cases, the problem
and'PrOH in the few cases for which we were able to find the mMay not have a unique solution. In fact, we could obtain as
density values. As can be seénremains constant within the ~ good a fit as that in Figure 2 with slightly different parameters
limits of experimental error. of individual bands. However, to find the most consistent
So, taking into account changing density, we may reduce the solution, we repeated the procedure several times with different
spectra obtained at different temperatures and pressures to thénitial parameters, with the aim of achieving not only the best
equal areas under thg{C—H) bands, as shown in Figure 1a,b. fit but also more or less smooth trends for all the parameters of
The resulting normalized spectra 8BuOH in the »(O—H) deconvolution (positions, widths, intensities, % of Lorentzian)
region obtained at a constant pressure of 500 bar are shown inover the whole experimental series, as shown in Figure 3. Only
Figure 1a, whereas Figure 1b demonstrates normalizedi O  such an approach can provide reliable results.
spectra at a constant temperature of 3500bviously, the units Figure 4a shows the behavior of the integrated intensity of
for the spectra processed in this way have the same meaning asl-bonded (the sum of areas under peaks 1 and 2) and non-H-
for the molar absorption coefficientin eq 1 but they referto ~ bonded OH groups (peak 3) during isothermal (380)
an unknownarbitrary “molecular unit” instead of a mole. compression. The pressure trend of the integrated intensity of
The spectra in the region of the(O—H) modes can be  monomeric OHn, can be well approximated by an exponential
assumed to be the sum of overlapping absorption bands offunction. Extrapolation of the function to zero pressure (which
H-bonded and non-H-bonded OH groups. Indeed, we found thatmeans to zero density) gives trezlucedcoefficient of integrated
the spectra can be approximated well by three mixed GaussianintensityAq, for the monomeric OH groups in the same arbitrary
and Lorentzian functions. The question of the actual shape of units. It is then straightforward to extract the nondimensional
the absorption bands is rather complicated. It is influenced, in fractions of H-bonded and non-H-bonded OH groups from their
particular, by the character of rotational movement in liquids, total intensities. The mole fraction of the non-H-bonded OH
which depends on temperature and density. It is known that atgroups Xnp is equal tol,y/Asp and the mole fraction of the
high temperatures, as the diffusion limit (pure diffusional H-bonded OH groups ¥, = (1 — Xnb).
rotation) is achieved, the contour of a band is close to the The coefficientAn, is, of course, to some extent sensitive to
Lorentzian, whereas at low temperature the band is describedthe nearest environment, but this effect is incomparably less
better by a Gaussian function. Figure 2 shows an example ofthan the influence of H-bonding and, following literature
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Figure 5. Determination of degree of hydrogen bonding in 1-butanol
at isobaric heating: (a) temperature trends for the integrated intensities
Figure 3. Parameters of deconvolution in the isobaric series (1-butanol, 0f H-bonded and non-H-bonded OH groups at a constant pressure of
500 bar): (a) peak positions; (b) percentage of Lorentzian; (b) half- 500 bar; (b) temperature trends for the mole fraction of H-bonded OH
widths. Key: (triangles) first component; (squares) second component; groups at pressures 250 and 500 bar.

(circles) third component.

Temperature / °C

narrower is the range of possible solutions. To estimate the limits

258 5 NonbondedOH 1 of uncertainty, we tried to change significantly the behavior of
20l a) A Bonded OH Al the parameters of deconvolution, to find further smooth trends
. e AD . . . .
2 AKDER N with a reasonable fit. In this way we could estimate the accuracy
= ®r A,A’ . of the X, determination foPBuOH as+10-12%. The scatter
8 1of 7 B ] for Anp values is typically+5%.
<< A
5 ‘%@{ " P I _ .
. I-ef?@_ﬁ)_e_qee_e_@ 4. Results and Discussion
r pooEEa 4.1. 1-Butanol.Spectra ofBuOH have been obtained along
06} b) ﬂﬂ’Er 1 isotherm of 350°C in the pressure range from 50 to 600 bar
0 A and along isobars 250 and 500 bar up to 480 However,
. Ar ; X =0.685-0 685EXP(-P/123) | only the data _obtained up to 35C were used in this work
> o2l | because the high-temperature spectra of all four alcohols have
’ / shown that slow decomposition occurs at a temperature of 450
00k | °C. The decomposition, although less obvious, is still noticeable

at 400 °C, but the alcohols seem quite stable at 3%D
Decomposition products such as CO and,@@d any changes
in the shape of ther{C—H) bands could be conveniently
monitored in situ using the IR absorption.

The effect of pressure on the extent of hydrogen bonding
has already been shown in Figure 4b. The pressure trend can
be well approximated by an exponential function. The limit of
datab062-64 can be assumed to be constant in the rough this function is about 0.68, which means that the probability of
approximation used in this work. hydrogen bonding, at a temperature of 35 can never reach

Figure 4b shows the behavior ofy, during isothermal 1.
compression. It is easy to see that using such an approach, itis The strong effect of temperature on the behavior of the OH
necessary to know neither the density nor the path length. Theband at a constant pressure of 500 bar is seen in Figure 1b. To
only mandatory condition is thag, and A,y for all the spectra  obtain the value oK, as a function of temperature, the spectra
in the series must be expressed in the same arbitrary units. Wewere again normalized to the same arbitrary “standard” area
have deliberately avoided listing the exact valueAgfobtained under thev(C—H) bands as in the isothermal series. This allows
with this procedure because they can have any arbitrary value.us to use the same value of the reduced coefficient of integrated
In most cases, we used absorbance spectra obtained simply ashsorptionA,, The same fitting procedure, described above,

0 100 200 300 400 500 6(I)0
Pressure / bar

Figure 4. Determination of degree of hydrogen bonding in 1-butanol

at a constant temperature of 38C@: (a) pressure trends for the

integrated intensities of H-bonded and non-H-bonded OH groups; (b)

pressure trend for the mole fraction of H-bonded OH groups.

1000 In[T2(v)/T1(v)] (just to avoid bother over the decimal
point), whereTi(v) and To(v) were two consecutive transmit-

was followed to find the integrated intensities of H-bonded and
non-H-bonded speciebigure 5a demonstrates the behavior of

tance spectra at different path lengths. However, we could justthe integrated intensities, that is, the areas under the fit

as well have used any other factor instead of 1000.

components. The same procedures were applied to the spectra

It is clear that the accuracy o determination depends first  obtained at a constant pressure of 250 bar. Dividigdy Anp,
of all on the reliability of the fitting procedure, which in turn  we obtainX,, and thus X. Figure 5b shows the final result of
depends on the resolution of the stretching bands of H-bondedX,, determination for both isobars. The data appear quite
and non-H-bonded OH. If there is no resolution, the task reasonable. The mole fraction of H-bonded OH groups changes
becomes practically impossible. The better the resolution, the from 1 to approximately 0.6. It can be seen that the probability
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<
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4.3. Integrated Intensities for H-Bonded OH Groups in
"BuOH and 'PrOH. So far we have not considered the

o
oo}
T
1

o6t b) 60T intensities of the H-bonded OH groupsobtained as the sum
< 04l 0.9 - of areas under the first and the second components of decon-
’ volution (see Figure 2). However, the coefficient of integrated
02 ',~Q X=0616-0616 EXP(P/232) ] absorption is a very sensitive characteristic of hydrogen bonding.
00 . Thereducedcoefficient of integrated absorpti@g can be found

1 1 Fa—
0 200 400 600 800 1000
Pressure / bar

as A, = Iy/Xp. It is interesting to see how the coefficieAg
correlates with the mole fraction of H-bonded OH groups. It is
Figure 7. Determination of degree of hydrogen bonding in 2-propanol well-known that the coeff|C|er_1t INCreases stro_ngly \.Nlth the
at a constant temperature of 35C: (a) pressure trends for the Strength of hydrogen bondSin ice, for example, in which all
integrated intensities of H-bonded and non-H-bonded OH groups; (b) Possible hydrogen bonds are formed, the coefficient is ca. 25
pressure trend for the mole fraction of H-bonded OH groups. 30 times greater than for water vagé€’

As the amount of H-bonded OH groups increases, one ought
of hydrogen bonding at a pressure of 250 bar is lower than at to expect a monotonic growth @%,. In fact, the situation is
higher pressure. In addition, the trend is approximately linear, quite unexpected and very interesting. Parts a and ¢ of Figure
as found for MeOH and EtOH using NMR under similar 9 demonstrate the correlation between the coefficient of
conditions3® integrated absorptioA, and the mole fractioix, of H-bonded

4.2. 2-Propanol.Spectra ofPrOH were obtained at a constant OH groups over the full range of the explored external
temperature of 356C in the pressure range from 100 to 1000 conditions fo"BuOH andPrOH. One can see that it is possible
bar and along the isobars 500 and 1000 bar. Figure 6 showsto approximate the correlation by a function with a sharp bend
some of the normalized spectra obtained under isothermalat X, = 0.65+ 0.05. To highlight this unusual behavior, each
compression. It can be seen that the monomeric band in thearray of experimental points in Figure 9a is fitted by two
spectra ofPrOH is not as well resolved as in the casé@fOH. linear functions. The reason for such a strange phenomenon may
Nevertheless, it is still possible to use the fitting procedure to be that atX, less than 0.6 (that is, at low density and high
find the probable contribution of non-H-bonded OH groups to temperatures), a H-bonded speciefs only one typeis in
the spectra. The behavior of the integrated intensities of equilibrium with the monomer. The simplest explanation is that
H-bonded and non-H-bonded species is shown in Figure 7a,this aggregate is most likely to be a dimer, but direct evidence
whereas Figure 7b indicates the estimateXgfat isothermal for this cannot be extracted from the data presented here. On
compression. The pressure trend<gffor iPrOH is very similar the other hand, the approximate positiomgiyx for the band
to that for"BuOH (Figure 4b). Even the limit for the exponential representing H-bonded continuum in the supercritical region (ca.
function X, = ~0.62) is fairly close to that fdiBuOH. Again, 3580 cnr? for "BUOH and ca. 3560 cn for iPrOH) are very
similar trends have been reported for EtOH and MeOH from close to known bands of dimers in the gas phase at room
1H NMR data3®® temperature (ca. 3560 crhin 'PrOH)3368in a matrix at 35

The effect of temperature on the probability of hydrogen K?* (ca. 3525 crt) and solutions of ethanol in hexaigca.
bonding inlPrOH can be seen in Figure 8, where the integrated 3540 cnd).
intensities for the isobar 1000 bar (Figure 8a) afydfor the Given the uncertainty in the deconvolution procedure, we
isobars 500 and 1000 (Figure 8b) bar are presented as functiong€annot be absolutely sure of this surprising result. However,
of temperature. There is a small difference in the behavior of the same conclusion can be made independently, using other
Xp as a function of temperature betwe@uOH and'PrOH. In spectroscopic data. Parts b and d of Figure 9 show the correlation
the latter case, a slight curvature is observed but the deviationbetween the maximum positiomax of the band corresponding
from linearity is within the limits of probable error. to the H-bonded OH groups and, for "BUOH andPrOH,
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Figure 9. (a) Correlation between the coefficient of integrated
absorptionA, and the mole fractiorX, of H-bonded OH groups for
1-butanol. (b) Correlation between peak positions of H-bonded OH
groups for 1-butanol and (a) axd. (c) and (d) the same for 2-propanol.

1-butanol
respectively. Again we can distinguish a quite different behavior
of vmax below X, = ~0.6 and above~0.7. We obtain what
seems like two mirror images in Figure 9a,b and 9c,d. This is
not surprising because in the case of hydrogen bonding there is
always a strong (and as a rule linear) correlation between the
coefficient of integrated absorption and the position of the band.
The correlation betweemnax and Xy is evidence that our
estimate ofA, as a function ofX, is reasonable. Even the
positions of the break points in the curves correspond closely.
The sudden increase in the coefficient of integrated intensity at
Xp ~ 0.65 could be explained by the onset of a cooperativity methanol
effect as multimolecular H-bonded species begin to form. The . . . : s
effect of cooperativity increases the average energy of bonding 3500 3600 3700 3800 3900
with every new molecule of alcohol added to a chain through Wavenumber / cm A
O—H:---O bonds. The effect is of primary significance for Figure 11. Spectra of gaseous MeOH, EtOHBuOH, and'PrOH in
understanding the behavior of systems with hydrogen bonds andf€ region of OH stretching vibratioris.
is especially important for biological systems. Using the theory at the temperature isobaric trends flduOH and'PrOH, it
developed by Veytsmaf?, Gupta and Brinkle$f have shown seems that dimers prevail in possible H-bonded species at all
indirectly that their spectroscopic data on pentanol and hexanolsupercritical temperatures up to the temperature of decomposi-
cannot be properly interpreted without taking into account the tion.
cooperativity effect of hydrogen bonding. Here we present direct  4.4. Ethanol and Methanol. Spectra of EtOH and MeOH
evidence for this phenomenon. along the isotherm at 351 are shown in Figure 10. Again, it

Our data do not allow us to say definitely which particular is possible to see a trend with decreasing pressure similar to
polymer-like species exist abows, ~ 0.6-0.7. There are  that observed for the spectra #uOH and'PrOH. However,
speculation® that addition of the next OH group to the existing we are unable to apply exactly the same procedure to determine
H-bonded complex can result not only in the strengthening of the probability of hydrogen bonding in EtOH and MeOH. The
bonds but, in some cases, in their weakening. Indeed, if the reason our methodology is successful #8uOH and'PrOH
bond is strongly bent, as in the case of small cyclic clusters, but not EtOH and MeOH can be explained by comparing the
one may expect a decrease in the energy of hydrogen Bénds. spectra of all four alcohols in the gaseous state (Figure 11). It
YukhnevicH? analyzed a large number of spectroscopic data can be seen that thg(O—H) bands of gaseouBuOH and
and found that both the proton-donor and proton-acceptor 'PrOH can be more or less correctly presented as uniform single-
abilities of an XH group increase with the addition of each extra peak distribution functions but the spectra of MeOH and EtOH
molecule. He also found that the angle of the H-bond influences are largely made up of the partially resolved P, Q, and R
the cooperativity effect. The fact that in our case the effect of branches of the rotational transitions, with the Q branch centered
cooperativity seems fairly strong allows us to assume that between 3660 and 3690 ch Because of the smaller rotational
multimolecular H-bonded complexes are either chainlike or constant of the larglPrOH molecule, the rotational branches
fairly large rings. are less pronounced. In the case"BLIOH the branches are

It seems highly likely that only a dimer is present in practically absent. It is clear that at the lowest densities, the
equilibrium with the monomer over the whole density range spectrum of EtOH at 50 bar and 38Q is a typical rotatior
corresponding to the supercritical isotherm at 360 Looking vibration spectrum that cannot be fitted in the procedure of

-propanol

Absorbance

ST

ethanol
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Figure 12. Degree of hydrogen bonding in EtOH at a constant ) - . .
temperature of 350C: (a) pressure trends for the total integrated Figure 13. Correlation between the coefficient of integrated absorption

intensity of OH band (squares) and for non-H-bonded OH groups A (Circles), peak positions (triangles), and the mole fractgnof
(circles); (b) pressure trend for the mole fraction of H-bonded OH H-bonded OH groups in EtOH.
groups.

5. Conclusion

deconvolution with any known distribution function. The ¢ js difficult to make direct comparisons between the results
rotational branches in the spectrum of EtOH can be observedyresented here and previous investigations of sc alcohols. Earlier
up to a pressure of at least 15000 bar. At higher pressures,  sydies have concentrated almost entirely on scMeOH, and data
they are suppressed due to the increasing probability of op the higher alcohols are very scarce. Hoffmann and Cdtradi
collisions. The high-pressure spectra could be used in the samespowed that there are strong similarities between the behavior
way as for"BUOH because we can recognize the presence of of the hydrogen bonding in water, MeOH, and EtOH when the
monomeric OH groups as a shoulder on the high-frequency sideregy|ts are expressed in terms of their reduced thermodynamic
of the band. It is clear, however, that the extrapolatiot,gfo variables. Here, we find that trends in the results"®uOH,
zero pressure could only give very uncertain results.llt S€emsiproH, and possibly EtOH are also similar. This suggests that
that the high-frequency feature in the spectra of MeOH in Figure tne nature of hydrogen bonding across a whole series of alcohols
10 is resolved much better but, comparing the spectra of MeOH may be more consistent than one would initially anticipate.
obtained in this work with the spectrum of MeOH in the gas Fyrther work is required so that these findings can be tested.
phase indicates that this feature cannot be treated as the | this work, an attempt has been made to characterize
maximum of monomeric band. The peak position for the gemjguantitatively the hydrogen bonding in a number of simple
monomer cannot be higher than that of the Q branch of the 5iconols over a wide range of temperature and pressure, using
gaseous spectrum. Evidently, it is the maximum of the R- an approach to the problem. The novelty of the approach lies
rotational branch that is resolved. Moreover, there are no spectralin the method for obtaining the absorption coefficient for
manifestations of monomers in the remaining part of the contour. honbonded OH groups when density data and path lengths in a
Itis impossible, therefore, to find the intensity of non-H-bonded HTHP cell are not available The approach could be used for
MeOH molecules with our deconvolution procedure. other organic substances with-® groups, other alcohols for

All the same, there is a way to estimate roughly the extent example, but certain reservations should be kept in mind.
of hydrogen bonding in scEtOH. First, we extrapolatettital It is rather difficult to estimate to what degree uncertainty of
integrated intensityf the OH band in the normalized spectra the curve fitting procedure affects the above results. Taking into
to zero pressure, as shown in Figure 12a. This again gives usaccount all the factors mentioned, we can estimate the probable
the reduced coefficient of integrated absorptip because at  error in X, to be +0.05 for "BuOH andPrOH, whereas for
zero density there cannot be a contribution from H-bonded OH EtOH it not less thant0.1.
groups. Applying then the curve fitting procedure to the spectra  The method is rather difficult to use for small molecules,
obtained at pressures higher than 150 bar (not noticeablywhen the spectrum of stretching vibrations is complicated by
complicated by rotational transitions), we filwgh and then the the rotational transitions, as in the case of MeOH and EtOH.
probability of hydrogen bonding, as 1— Iny/Anp. The accuracy However, recently we have obtained independent confirma-
of the estimate is, of course, rather low, but the behaviofpof  tion of the fact that all alcohols, including MeOH, should behave
as a function of pressure (Figure 12b) reproduced surprisingly very similarly with changing temperature and pressure. MD
well the behavior oy, for "BUOH andPrOH. Figure 13 shows  simulations of MeOH under a variety of external conditions,
that the correlations betweef and the parameters,, andvmax carried out by M. KiseleV¥# have shown how the average energy
are also much the same with breaking pointXgt- 0.65. This of hydrogen bondingHyg) correlates with the mole fraction of
also suggests that at 35€C scEtOH may exist mainly as a  H-bonded OH groups. The results of these MD calculations will
mixture of H-bonded dimers and monomers. Again, it is worth be published in full but the conclusions are presented in Figure
mentioning the comparison between the approximate position 14. One can see that the correlation betw&gp and X, is
of vmax ca. 3580 cm! for the EtOH dimer, with that observed  exactly the same as for other alcohols studied. Even the bend
in the gas phase at ambient temperature (3570%8hand in of the function is observed &, ~ 0.7 as for the other alcohols
the solution of ethanol in hexatfg(3540 cntl). explored in this work.
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