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Hydrogen Bonding in 2-Propanol. The Effect of Fluorination'
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Fourier transform infrared (FTIR) spectra at thermal equilibrium and in seeded, pulsed slit jet expansions of
2-propanol (IP), 1,1,1-trifluoro-2-propanol (TFIP), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) reveal dimers,
oligomers, and large clusters as well as conformational isomerism of the monomers. The assignments are
supported by hybrid density functional calculations. The effect of methyl group fluorination on OH frequency
shift and intensity enhancement, torsional energetics, hydrogen bond strength, and cluster stability trends is
investigated. HFIP promises to be a valuable prototype for spectroscopic studies of intramolecular torsional
isomerization dynamics (as already shown in QuackfFitaday Discuss. Chem. Sd995 102, 104-107)

and its coupling to intermolecular hydrogen bonding.

1. Introduction by the presence of two enantiomers. Due to its bridging function
) _ between IP and HFIP and in preparation for a study of the
Fluorinated methyl groups are frequently used to tailor the enantiomerically pure compound, we have also investigated the
properties of pharmacologically active compouhétydroxylic infrared spectrum of racemic TFIP.
hydrogen bond interaction is a major mechanism in biochemical o, investigation starts with a refined IR gas-phase investiga-
activity. Therefore, a quantitative study of the effect of fluorina- i of 1P and its fluorinated derivatives, which leads to the
tion on hydrogen bonding in simple, prototypical alcohols may assignment of dimer association bands in all three cases. To
provide insights into some effects observed in drug design. We characterize the dimers and larger oligomers in more detail,
have studied 2-propanol (isopropanol, IP) and its tri- and gynersonic jet experimeifsusing a new, sensitive direct
hexafluorinated derivatives 1,1,1-trifluoro-2-propanol (TFIP) and absorption techniqd&2° are carried out. The assignment of
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as well as their {he spectra is supported by exploratory electronic structure
hydrogen-bonded clusters in our first effort toward this goal. c4icylations using a hybrid density functional. Larger clusters

TFIP is attractive due to its chiral structure, which leads to o generated as well and their absorptions can be compared to
intermolecular, hydrogen bond induced diastereoisomerism with spectra of the liquid and solid phases.

distinct spectral features. HFIP is a powerful solven{Feaheet
aggregated peptideéand a fragment of interesting fluorinated 2. Experimental Section
alcohol$ and anesthetics.

TFIP and HFIP have repeatedly been studied by conventional _!Nfrared spectra were recorded with our Bruker IFS 66v/S
IR and Raman techniques since the late 1966%In the gas spectrometer (maximum resolution 0.1 thequipped with

phase, HFIP occurs in two spectrally and energetically well C@F2 @nd KBr beam splitters and optics as well as InSb,
separated conformatiohi&13due to interactions of the hydroxyl HgCdTe, and DTGS detectors. For weak absorptions in the OH

group with the CF substituents. There is considerable debate Strétching region, an optical filter (2:58.54m, OCLI) was used.
on whether this interaction is of the hydrogen bond t&16 Car_e_ was taken to avoid saturation gnd the _resultlng nonl|_n-
Sum and difference bands related to OH torsion and other low- €2rities in the cooled detectors. Band integrations were carried
frequency fundamentals are relatively strong. The intramolecular Ut bY using the OPUS software (Bruker), employing method
stabilization of theCs conformer is reduced in C&$olutionss® A (integrating from the baseline) or B (above a line joining the
In the neat liquid phase at room temperature, OH-stretching spectral_ values at tl_1e borders of the integration mterv_al), as
bands corresponding to “free” OH groups persist as shoulders@ppropriate. The estimated abs_olute error for integrated intensi-
on a broad associated OH band, whereas the conformationafi€S i8£20% or=2 km/mol, whichever is larger.

splitting in the CH-stretching region disappeéis the solid ~  ©&s Spectra were recorded at room temperature £29%)
phase, pronounced association bands emerge in the CHAN&222.8 mm glass cell (Bruker) equipped with @afndows.
stretching regiorf. They are probably due to overtone and Reference spectra of the lllqwd glcohqls at room temperature
combination bands which steal intensity from the associated OH Were obtained in transmission (using a film between sealed CaF
stretching fundamental. This rich spectral signature of isomerism Windows) and via attenuated total reflection (ATR) using a
and phase state makes HFIP well suited for a detailed clusterSingle reflection at a ZnSe/liquid interface (Specac).
investigation, which we initiate in this paper. Conformational _SPectra of cooled monomers and clusters were obtained in a
isomerism in TFIP1Lis less clear-cut in the infrared spectrum high throughput supersonic jet expansion synchronized to rapid

of the gas phase, and the association phenomena are complicate@irror scans. Details of the setup are given elsewffeBeiefly,
we expand a gas mixture of the alcohol and a carrier gas (He,

o o A~ .
T Dedicated to Prof. Dr. W. Lttke on the occasion of his 80th birthday. 99.996% and Ar, 99.998%, Messer-Griesheim) from a 0.065
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7 m? vacuum buffer chamber pumped by a series of roots TABLE 1: Monomer Properties for 2-Propanol (IP)2

pumps. The pulse duration ranges from 70 to 500 ms and is (&sc)-IP (ap)-1P source

synchronized to a sequence of one to seven full rapid FTIR

scans. Compared to continuously operated slit jet FTIR set- Vowcm* 3658 3636 celtjet

ups2h22 much larger slit dimensions and throughputs can be (220

realized!”23 The background pressure at the end of the pulse w/cm™ 3831(5) 3805(6) experimefit

remains well below 1 mbar. The mixture is prepared by bubbling 260

the carrier gas through thermostated saturator chambers filled 23-""/cm-2 3744 3724 6-31G*

with the liquid alcohol. The concentration is adjusted via 200

temperature control of the saturator and by admixture of pure AS®/(km mol) 13 (total) cell

carrier gas to the 0.065 frchamber. The jet expansion is AEL(kem mol-) 13 1 6-31-G*

sampled by the collimated IR beam from an external spectrom- 2%, L .

eter port. For optimal dimer absorptions, a circular 5-mm  Aor/(kmmol™) 12 11 6-31¥G

diameter section or a square 10-mm section which partly Acy/(km mol?) 25 (total) cell

overlaps the nozzle throat is extracted by an aperture. AZYPi(km mol?) 33 28 6-31-G*
2-Propanol (IP, 99.5%, Fluka) and 1,1,1,3,3,3-hexafluoro-2-  A¥F%(km mol) 25 21 6-31%G*

propanol (HFIP, 99%, Fluka) were used as supplied, whereas AgE-YP/kJ mol1) 3-0.81 6-31+G*

1,l,_1-trif|uoro-2-p|_ropanol (TFIP, racemic, 97%, Lanc-aSter) WaS 2 Values in brackets correspond to the difference between (sc) and
desiccated by using 3-A mc.)lecmar sieve (Roth) prior to use. (ap) conformersy andw are anharmonic and harmonic band centers,
The alcohols were freed of dissolved gases by repeated freeze 4 genotes integrated absorption coefficients, which are normalized by
pump-thaw cycles. Vapor pressures at the employed saturatorine number of €H bonds in the CH case\EE**" is the difference
temperatures were taken from the literatéfreombined with in energy between the conformers at 0 K, including harmonic zero point
extrapolation based on the enthalpy of vaporization. The energy contributions?Within 1 cnt* of a previous band center
fluorinated alcohols, in particular HFIP, have a considerable determinatiorf?

tendency to swell elastomer O-rings, but Viton proved to be

sufficiently inert. Our stereochemical notation thus consists of a sequence of
torsion angle specifications for the donor (D), acceptor (A), and
3. Notation and Modeling of Conformational Isomerism hydrogen-bond (H) conformations, such as in Péap)-

(& scf'—HFIP, an enantiomeric pair of dimers formed from

To support the vibrational and size assignment in the o HFIP monomers in their (ap) conformation (see Figure 6
supersonic jet spectra, exploratory hybrid density functional o its structure).

calculations using the B3LYP functional and a 64+33* basis
set were applied to monomers, dimers, and trimers of IP, TFIP, .
and HFIP, using the Gaussian94 and Gaussian98 program4' Monomer Isomerism
packageg® This approach is known to perform reasonably well
for hydrogen bonds and in particular for hydrogen bond induced
wavenumber shifts, also including fluoridgUltimately, a local
MP2 approacH would be preferable, also because it eliminates
correlation contributions to the basis set superposition error. We
compare harmonic predictions of wavenumber shifts without
correction for basis set superposition error to fully anharmonic
wavenumber shifts from experiment. While this approach relies
on substantial error cancellatihjt provides us with a very
useful assignment aid. Infrared band strengths are estimate

Prior to a study of hydrogen bond association, the monomer
spectra have to be analyzed in the OH and CH stretching region.
The OH stretching band of IP reveals at least two overlapping
bands separated by 22 cin(see Table 1 and Figure 1). The
dominant, high-frequency component exhibits a Q-branch
doublet®! This band has been assigned before to thecj or
gauche conformet:-32Relative energies and relative harmonic
frequencies from our B3LYP calculation (Table 1) fully support
Gthis assignment. The absolute harmonic wavenumbers are

within the double-harmonic approximatiéhThey turn out to under_estlmalted Ey 2% _and c:herefor_e fall ImI;dway l_)etween
be useful for the evaluation of dimerization and isomerization €XPerimental anharmonic and experimental harmonic wave-

equilibria based on experimental intensity data, although B3LYP Numbers. The latter were obtained from an analysis of the
infrared intensities must generally be viewed with some caution. 0vVertone spectrurf. As usual, wavenumber differences are
The use of free energy predictions based on harmonic oscillator/Much more reliable in absolute terms, due to systematic error
rigid rotor models is less robust and at best qualitative due to C0mpensation. Comparison to rotationally cold supersonic jet
the presence of floppy low-frequency modes. spectra (see below) proves that the high-frequency band belongs
The molecules and clusters involved in this study contain © the stable conformer. Its band center does not show a
several torsional degrees of freedom, which we classify accord- Significant temperature dependence. The experimental OH band
ing to the torsional angle and its associated sequence ¥ules. strength of 13 km/mol (Table 1) is in line with the average value
For the internal torsion of the symmetric 2-propanols (IP and ©f 13.8+ 0.4 km/mol found for secondary alcohols in GCI
HF|P)' the torsion ang|e HC—O—His given and local minima SOlutlon?’S although the SpECIfIC value determined for IP, 14.3

have the two end atoms eithet€c) (synclinal, aroune-60°) km/mol 23 hints at a slight intensity enhancem&ntr confor-
or (ap) (antiperiplanar, around 1800 each other. For TFIP, ~ mational shift induced by the solvent. Integrated band strengths
the torsion angle GF-C—0O— H is indicated assc), (—sc), from the B3LYP calculation are in good agreement with

or (ap), in addition to the absolute configuratidR$) at the experiment for the OH stretching band, whereas the average
central carbon atom. A hydrogen bond between two monomers CH band strength per CH bond is somewhat overestimated. MP2
forms a new stereogenic center, but we prefer to classify it as calculations yield similar OH band strengths, but only when
a new torsional degree of freedom of the acceptor molecule, triple-g basis sets are employed (Table 1). In contrast, MP2 band
i.e., H-C—0---H, while we do not specify the very floppy strengths for the CH chromophore are in somewhat better
torsion of the donor molecule explicitly. agreement with experiment than the B3LYP results.
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Figure 1. OH/CH stretching spectra of I & 49.4 mbar) in the gas
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Figure 2. OH/CH stretching spectra of HFIP & 29.4 mbar) in the
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phase (top three traces, from bottom to top: regular spectrum; regulargas phase (top three traces, from bottom to top: regular spectrum;
spectrum multiplied by 20; cluster fraction after subtraction of the regular spectrum multiplied by 80; cluster fraction after subtraction of
monomer contribution, multiplied by 20), in the liquid phase (next lower the monomer contribution, multiplied by 80), in the liquid phase (next
trace, liquid film, recorded in transmission, multiplied by 8), and in lower trace, liquid film, recorded in transmission, multiplied by 1.5),
the supersonic jet (lowest trace, multiplied by 1500, conditions: 0.2% and in the supersonic jet (lowest trace, multiplied by 190% in He,

in He, stagnation pressure of 0.6 bar, resolution 2%¢m

TABLE 2: Monomer Properties for
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)

stagnation pressure between 0.4 and 1 bar, resolution4)cm

dominates the spectrum. This confirms previous findidg&13
that the (ap) conformer is lower in energy. A slight shift of the

(£sc)-HFIP (ap)-HFIP source band maximum to lower wavenumber upon cooling may
- indicate additional complexity in this band, in support of earlier
Poplcm 3667 3626 cel findings? Based on the approximate B3LYP integrated band
(4100 strength ratio, an equilibrium constai, = PrscfPap) ~
vonlcmt 3667 3624 jet 0.4(1) at 298 K can be estimated from the experimental band
(430 intensities of the two OH stretching bands. The predicted total
w23Plem 1 3759 3718 6-3+G* integrated absorption intensity of 60 km/mol is in good
@10 agreement with the experimental value of 54 km/mol. This
AZ%/(km mol) 54 (total) cell cqrresponds toa 4}-fo|d enhancement compared tp the value for
ABLY/(m mol-1) 69 57 6-31-G* aliphatic alcohols in genef&land 2-propanol in particular. One
- o possible explanation for this enhancement is the formation of
Penlcm 2946 2988 cefl ; X .
intramolecular hydrogen bonds to the fluorine atoms, which has
3-420 ; . -
BaLYP). 1 3060 3129 631G also been invoked to explalln the enhanced stability of the (ap)
gy /em conformer? However, other influences of the polaE€ bonds
. G690 are also conceivable.
AZHI(km mol1) 5 (total) cell A similar analysis can be carried out for the CH-region, where
AZ3YPi(km mol?) 11 3 6-3HG* two weak bands separated by 42 ¢ncan be found. On the
AEBYP/(kJ mol) .20 6-31+G* bas_is of relative intensities, the hig_her frequency_ band can be
AEPLYP/(kI molY) 3.5 6-31+G* assigned to the (ap) conformer. Using the approximate B3LYP

integrated band strength ratig, ~ 0.25(10) is derived at 298

2 Values in brackets correspond to the difference between (sc) andK jn rough agreement with the OH result. The predicted

(ap) conformersy andw are anharmonic and harmonic band centers,
A denotes integrated absorption coefficiestgr """ (AEZ3"P) is the
difference in energy between the conformerts Ga K including
(excluding) harmonic zero point energy contributioh/ithin 1 cnr?!

of a previous band center determinatidn.

integrated absorption intensity for this conformer ratio is 4 km/
mol, in good agreement with the observed value of 5 km/mol.

The B3LYP calculation itself predict&, = 0.26 within a
simple harmonic oscillator/rigid rotor model, after inclusion of
the proper degeneracy factor in th&gc) partition function.

In the case of HFIP (Table 2, Figure 2), two bands separated Previous rough estimates building on the temperature depen-
by 41 cni® are found in the OH stretching region. The higher dence of the OHK, = 0.46) and CHK, = 0.26) Raman bands
frequency band also exhibits a double peak structure, but in without consideration of different scattering intensities for the
contrast to IP, the doublet is less pronounced and the low- two conformer® are also consistent with these results. The
frequency band is now stronger than the doublet bands. ThisB3LYP enthalpy differenceAH5,g = 4.7 kJ/mol is in good
low-frequency band has been assigned to the (ap) HFIP agreement with the experimental values of 4.0(1.6) kJ/mol and
conformation beforé1%12130ur B3LYP results for the stretch-  6.0(2.8) kJ/mol2 In CCl, solution, this energy difference is
ing frequency support this assignment and reproduce thereduced by 1 order of magnitu8&he harmonic B3LYP energy
wavenumber difference between the two isomers quantitatively. difference at the zero-point level (4.5 kJ/mol, Table 2) agrees
Upon cooling in the supersonic jet, the low-frequency band well with an early experimental estimate (cat# kJ/mol9),
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TABLE 3: Monomer Properties for
1,1,1-Trifluoro-2-propanol (TFIP)?

(+sc)R  (—sc)R (ap)R source
Porlcmt 3653 3637 cell
(160
w23 Plemt 3744 3729 3763 6-31G*
(150 3190
AP (km mol?) 33 (total) cell
AZLYP/(km mol ) 38 30 35 6-3%G*
AZ¥(km mol-1) 14 (total) cell
AZPi(km molt) 16 12 19 6-3%G*
AEZYPI(k3 mol?) G250  3-11.01 6-314+G*
AEEYPI(kJ mol?) 3-2.30 3940 6-314+G*

aValues in brackets give the difference from thes€)-R resulty
andw are anharmonic and harmonic band cent&denotes integrated
absorption coefficients, which are normalized by the number-eHC
bonds in the CH caseA\EZ*""" (AEE3-YP) is the difference in energy
between the conformerg @ K including (excluding) harmonic zero
point energy contribution.Within 1 cnt ! of a previous band center
determinatiort!
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Figure 3. OH/CH stretching spectra of TFIR & 45 mbar) in the
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the (+sc)R/(—sc)S structure. Its predicted harmonic wave-
number is 110 cmt higher than the dominant experimental band
center, whereas all other OH-stretch predictions of IP, TFIP,
and HFIP are 8692 cnt! above the experimental bands.
Moreover, the predicted wavenumber shift between the two
lowest conformations is 15 cr, in agreement with experiment
(16 cnt?), whereas the two lowest conformers according to
Durig et al. are predicted to be 34 chapart. The presence of

a characteristic doublet in the-éc)R/(—sc)-S band of TFIP

as in IP and HFIP undermines its proposed interpretation as a
(tunneling) split ground levelt as there are no equivalent
torsional minima in TFIP. The predicted integrated absorption
intensity for the TFIP OH bands (388 km/mol, depending

on the conformation) agrees well with the experimental value
of 33 km/mol, which is exactly midway between those of IP
and HFIP. The weak dependence of this band strength on
conformation suggests that the fluorine-induced enhancement
is not dominated by the formation of intramolecular hydrogen
bonds. The observed integrated absorption intensity of the CH
stretching manifold (14 km/mol per CH bond) falls in the range
of values predicted for the various conformers<1® km/mol).

Our jet spectra (Figure 3) support the assignment of the high-
frequency band to the low-energy conformer.

Figure 4 compares the OH torsional potentials for the three
alcohols at B3LYP 6-31G* level with full relaxation of all
other degrees of freedom. For IP (upper trace in Figures 4a,b),
there are only minor energy differences between thed) and
(ap) wells. The TFIP conformation with the same local OH
environment as in£ sc)-IP corresponds to a very shallow well
(middle trace in Figure 4b). This indicates that the effect of the
remote Ck group is substantial. Conformations in which the
OH group is adjacent to the @lgroup are energetically much
more favorable and form deep wells. The deepest of these wells
provides the same local environment to the OH group as the
(£sc)-HFIP conformation. However, the latter is more shallow,
which is another indication of the destabilizing effect of a trans-
CF; group. The (ap) conformation of HFIP, which avoids a
trans-Ck group to the OH bond, has a stability comparable to
that of the most stable TFIP conformation.

In summary, the OH group in the investigated compounds
prefers a staggered position where the neighborhood tp CF
groups is maximized, while the interaction with ggroups is
minimized. An (ap) arrangement of gland OH groups is

gas phase (top three traces, from bottom to top: regular spectrum;Strongly disfavored. The simple harmonic B3LYP 643%&*

regular spectrum multiplied by 50; cluster fraction after subtraction of
the monomer contribution, multiplied by 50), in the liquid phase (next
lower trace, liquid film, recorded in transmission, multiplied by 8),
and in the supersonic jet (lowest trace, multiplied by 480,5% in

He, stagnation pressure 0.8 bar, resolution 4%m

which was published in 1995. Even the barrier height for
isomerization £10 kJ/mol) agrees well with an elegant, if
oversimplified, experimental estimateHowever, in the case
of barriers, like in the case of infrared intensities, particular
caution is indicated when interpreting density functional results.
The OH stretching spectrum of TFIP is quite similar to that
of IP with a split high-frequency band and a weaker band on
the low-frequency shoulder (Table 3 and Figure 3). Murto et
al® assign the dominant band to the-gc)R or (—sc)S

conformer. This assignment has been challenged by Durig et
al on the basis of band shape simulations. Durig et al. assign

calculations are in remarkable agreement with experimental data
for IP, TFIP, and HFIP. While part of this agreement is due to
systematic error cancellation, it provides a good basis for the
estimation of dimer and trimer spectra of these compounds,
which will be compared to experiment in the following sections.

5. Hydrogen Bonding in the Vapor Phase

The study of dimers and oligomers of alcohols at ambient
temperatures has a long traditi#i3° By dilution in more or
less inert solvents such as GCh wide range of monomer
concentration can be realized. Quantitative determination of the
monomer band depletion leads to dimerization constants:

Keo = ColChy

the strongest band to the (ap) conformer. The B3LYP results For aliphatic alcoholsK. is found to depend only weakly on

strongly favor the earlier{sc)-R/(—sc)S assignment,based

on relative energy and fundamental wavenumber. MP2 calcula-

the nature and size of the alkyl groéb.
However, several problems exist for such an approach. The

tions using a larger basis set confirm this conclusion. The (ap) solubility can be small. Solvent effects can be siz&aid may

conformer is predicted to be 11 kJ/mol higher in energy than

even suppress dimerization at high dilutiSmbsorption bands
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Figure 4. OH torsional potentials for (a) the symmetric alcohols IP
(upper) and HFIP (lower trace) from O to 3&énd (b) all three alcohols
IP (upper), TFIP (middle), and HFIP (lower trace) fren240° to 240
for better comparability. In both figures, the relative electronic stability
of the monomer conformations at the B3LYP 6+33* level is plotted
as a function of the OH torsional angteelative to the secondary CH
bond. All other degrees of freedom are optimized along the path. In
(b), the three potential curves are drawn on the same energy scale an
shifted into close contact for conformations with similar local environ-
ment. From left to right, minima corresponding to trans, gauche, gauche
and trans conformations of the two H-atoms are drawn, as indicated
explicitely for TFIP.
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due to non-hydrogen-bonded OH end groups fall in the range
of monomeric OH absorptions and may mask its concentration
dependence. Therefore, it is desirable to have gas-phase dime
ization results for comparisdhCompetition from bulk con-

densation usually prevents the formation of large amounts of

dimers or higher oligomers in the gas phase. Condensation is

favored over gas-phase clustering due to dispersion forces an
other 3-D attractive, more or less isotropic interacti&hs.
Therefore, methanol exhibits more pronounced vapor phase
association than larger, more polarizable alcohols. Alkyl group
fluorination generally increases the volatility of alcoh#fs.

The determination of dimerization constang§ & 1 bar)

Koz = Pop°/p}y

in the gas phase is less straightforward than in solution.
Monomer depletion is often too small to be measured reliably.
Instead, a theoretical estimate for the dimer OH band strength
can be used. In the dimer, the donor OH stretching intensity is

r_
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strongly enhanced with respect to that of the monomer. This
enhancement is quite sensitive to excitation of the hydrogen
bond, i.e., to temperature. The double-harmonic estimate
obtained from the B3LYP calculation is very likely an overes-
timate for the band strength at 298 K, since it does not include
zero-point or thermal averaging effects, which weaken the
hydrogen bond. From the liquid-state results of Finch and
Lippincott*! an overestimation by a factor of-3 is quite likely.

A second difficulty concerns the identification and isolation
of the dimer OH absorption from monomer bands. This is
achieved by variation of the pressure. Bands varying more than
linearly with pressure are due to dimers or larger oligomers. A
corresponding band has been identified in the gas phase for IP.
For TFIP and HFIP, evidence for such bands has so far only
been circumstanti&P and in some cases restricted to spectra
recorded in CCl solutions. To characterize the dimer OH
stretching region more accurately, we have employed a simple
spectral subtraction scheme which is based on the strong
intensity enhancement upon dimerization. Gas-phase absorbance
spectraS, and Sy recorded at different pressurgs ¥ p) are
normalized by division through the corresponding pressure and
then subtracted from each other. The resulting spectrum is
multiplied by p’/(p - p) to approximate a pressure-normalized
dimer spectrumS; at pressurep’ (p > p’) nearly without
monomer contributions. This dimer spectrum is subtracted from
a measured gas-phase spectrunp‘atthus providing a pure
monomer spectrum @', which can in turn be subtracted from
the series of experimental pressure-normalized spectra. The
resulting difference spectra can now be integrated and identified
as dimer bands via a linear variation of the band strength with
pressure.

The top trace of Figures-13 shows spectra for which the
regular monomer contributions have been removed in this way.
For IP, a well-defined band is seen at 3562(2)&n104 cnr?!
below the dominant monomer band. It can be assigned to the
hydrogen bond donor OH stretching fundamental. Much weaker
bands near 3480 and 3375 chmay be due to trimer and
tetramer species, as we will see below. In the case of HFIP
(Figure 2), a weak doublet at 3562(4) and 3527(2) tns

c§uperimposed on a pronounced slope. The slope may arise from

pressure-dependent collision-induced absorptions in this polar
gas or from contributions from the acceptor stretching band and
we have restricted the band integration to the doublet itself.
For TFIP, a strong dimer band is seen at 3550 tmand a
weaker band near 3445 cmimay be attributable to larger
clusters, since it grows more than linearly with pressure.

Based on the B3LYP band strenghts of the most stable dimer
conformers, approximate lower bounds of the dimerization
constants are obtained and given in Table 4. Best estimates are
2—3 times higher due to the expected difference between
hermal and zero point band strengthshe observed trend,

amely, a decreasing tendency for dimerization with increasing
fluorination, should be reliable. For IP, the spectroscopic result
for K¢, may be compared to an extrapolated value-8fdm?/
mol for the second virial coefficient at 298 R which is most
likely an overestimate due to wall effects and nonbonded
contributions'® Interestingly, results foK, in CCl, solutiorf
are also in good agreement with our gas-phase results (see Table
4), thus indicating that the influence of the solvent is relatively
small in this case. In particular, I, ratio between IP and
HFIP of about 7 is found in C@lsolvent and in the gas phase.
Using the estimatel{,» values, a dimer fraction of 0.1% near
saturation at 298 K can be derived for TFIP and HFIP, whereas
the IP dimer fraction is about twice as high. This is too small
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TABLE 4: Equilibrium Constants for Dimerization Ky, = prelpf,I (p® = 1 bar) and K¢, = (:D/cf,I (cin mol/L) at 298 K for the
Three Alcohols from Different Methods

K IP TFIP HFIP method
Kp2 >0.020 >0.008 >0.003 gas, IRF An
Kp,2 ~0.01 B3LYP, harmonic oscillator/rigid rotor
Ke2/(L mol™2) >0.5 >0.2 >0.07 gas, IRF Ay ~
Ke2/(L mol™1) ~1.6 ~0.25 in CCl, IR, Aacc= Amor®
Ke2/(L mol™2) <3 virial coefficient?
TABLE 5: Band Maxima of Associated (7. and Free OH hydrogen bond is apparently attenuated by fluorination. Part of
Stretching Bands i) in the Liquid Phase of IP, TFIP, and this may also be related to the increased size of thg CF
HFIP (298 K)° substituent.
v P TFIP HFIP On the high-frequency wing of the association band, close
Dass 3349 3379 3439 to the free monomer band position in the gas phase, several
y 5-3090 -274] -1870 shoulders are visible for the fluorinated alcolidIgsee Figures
Viree Bi%%% ES’SSDZ 2 and 3). For IP, such absorptions are very weak at room
Tree 3629 3592 temperature and we refrain from giving band centers. In HFIP,
3-80 3-34070 the corresponding bands are much stronger. They are shifted

to lower frequencies relative to the gas phase monomer band
position. For TFIP, shoulders of intermediate size occur at higher
and lower frequencies relative to the free gas phase monomer.
We plan to study these absorptions in more detail as a function

for a reliable detection of the monomer depletion. Furthermore, ©f temperature. They are due to OH groups which are not
the hydrogen bond acceptor stretching band overlaps with the€ngaged in a hydrogen bond to another oxygen atom but may
monomer absorption region. be loosely conn_ected to a<F bond of a_nelghbor_lng moIecuI(_a.
We have also attempted to estime, for the dimerization 'I_'hu.s, the effective hydrogen. bond cham Iength in the associated
process from a simple harmonic oscillator/rigid rotor model !19uid appears to drop with increasing fluorination.
using the B3LYP results for the various isomers. For IP, ~ Comparison of the integrated OH band strength per molecule
summation over all dimer conformations and appropriate in the gas and liquid phase is possible under the assumption
inclusion of degeneracies leadskg, ~ 0.01 at 298 K (Table  that the CH-stretching bands are not significantly affected by
4). Considering the crudeness of the harmonic approximation hydrogen bond aggregation. This is confirmed by B3LYP results
for intermolecular degrees of freedom, this is in reasonable for IP and to a lesser extent for TFIP, but in general, significant
agreement with the experimental value Kf, = 0.02 and  couplings may occut?In the case of HFIP, the only remaining
underestimates it, as expected. For HK[; is underestimated ~ C—H bond is in fact quite sensitive to OH conformation and
by a factor of about 6. _hydrogen bonding. Never_th_eless, the enhancement of the
Clearly, the dimerization tendency decreases with increasing integrated absorption coefficient from the gas phase to the room-
fluorination of the methyl groups in 2-propanol and the shoulders t€mperature liquid can be estimated around 38 for IP, 17 for
at low frequency observed for IP and TFIP indicate that this TP, and~11 for HFIP. This is in line with a decreasing
also applies to larger clusters. In contrast, the wavenumber shifthydrogen bond strength in this sequence (by about 7% according
from the monomer to the dimer donor OH-stretching band in t0 the relationship found by logans&nand it also contributes
the gas phase stays approximately constant r#0 cnt?. to the relative increase in free OH absorptions upon fluonn.a.tlon.
Before turning to the more reliable supersonic jet spectra, a IR fundamental band strength_s appear to be more sensitive to
discussion of the IR spectra of the neat liquid alcohols is the detalls_ of hydrogen bonding than room-temperature fre-
appropriate. qguency shifts.

@ The wavenumber shift relative to the corresponding monomer OH
band is given in brackets. For the association band, the most stable
monomer conformation is chosen.

6. Hydrogen Bonding in Condensed Phase 7. Hydrogen Bonding in Supersonic Jets

Figures 3 show the transmission spectra of liquid films Beyond these qualitative and semiquantitative observations
for the alcohols under investigation. ATR spectra have also beenabout the effect of fluorination on hydrogen bonding in
recorded, but they exhibit the well-known band shifts due to 2-propanol, it is desirable to collect low-temperature size-
the dependence of the penetration depth on wavelength andresolved spectroscopic information such as the OH stretching
refractive index dispersioff:** These shifts are particularly  frequency as a function of cluster size. This is achieved by
pronounced for the broad association bands, where they reactexpanding dilute mixtures of the alcohols in helium through
up to 20 cn! even after correction for the trivialdllependence  our pulsed slit jet sourc®. The bottom trace in Figures—13
of the penetration depth. Therefore, we will only discuss shows typical spectra obtained from such expansions and Figure
transmission spectra at this stage. 5 illustrates the effect of successive dilution of the alcohol in

Table 5 contains the approximate band centers for the broadthe rare gas. Several general features can be noted. In the
association bands observed in liquid films at 298 K. The shift monomer OH-stretching region, the most stable conformer gives
to lower frequencies relative to the gas phase band center forrise to a narrow, rather symmetric band. To lower wavenumbers,
the most stable conformer decreases from IP over TFIP to HFIP.near the low-frequency end of the gas-phase dimer bands at
This indicates that larger clusters become less strongly boundaround 3500 cmi, a relatively strong, narrow, slightly asym-
along the fluorination series. While the proton donor ability metric band is found for each alcohol. Additional weak bands
increases from IP to HFIP, the decreasing basicity of the can be found in the spectral region where dimer and trimer
acceptor molecule appears to limit the strength of the hydrogenabsorptions are expected. Within the low-frequency slope of
bond in these alcohol clusters. Overall, the cooperativity of the the OH association band observed in the liquid, the jet spectra
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0.04 1 ‘ 4 TABLE 6: Dimer OH Stretching Wavenumber Shifts
o) AV(D — M) in the Gas Phase and in the Jet, Compared to
Harmonic B3LYP Predictions Aw(D — M) for the Most

0.05F Stable Conformers of IP and Its Fluorinated Homologue3
P TFIP HFIP

S 0.02 A(D — M)/lcm™1 gas —96 —103 —99
= 0.2 % in He AV¥(D — M)lcm™ jet —141 —126 —130
Aw(D — M)/lcm™1B3LYP —145 —-129

001E 01 % i ke DYy(kJ mol?) B3LYP 19 17
monomer trimer C-H A(D)/A(M) B3LYP 38 17 11

dimer  cluster A(CYA(M) jet 60 50 20

0.00 : ‘ A(C)/A(M) liquid 37 16 11

. .
6! 4 Cc 3000 . . — . . . —
800 3600 3400 520 aDimer dissociation energieshand intensity enhancemer¢X)/

v/em” _ ¢ \ .
A(M) per monomer due to dimerization (3 D) and large cluster
0,12 P formation (X= C) in the jet and in the liquid phase are also shown for
b) 2.0 % in Ar the three compounds.
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Figure 5. Effect of concentration on the spectra of (a) IP clusters 22+ ;\fgﬁ 1
(stagnation pressure 6:D.8 bar, resolution-68 cn1%, scaled to similar e
C—H absorbance) and (b) HFIP clusters (stagnation pressures between
0.2 and 1.0 bar, resolution—8 cnt?, scaled to similar €H
absorbance). T — ]
show a broad band. The appearance of this band is sensitive to P RAIP

the mixing ratio as well as to the inert gas used for the expansionFigure 6. Comparison of binding energidsof the dimer conforma-
and its pressure. At high dilution, the band has a weak doublet tions of IP and HFIP relative to the most stable monomer conformations
) i " -
character. The high-frequency component appears to be in parlat the B3LYP 6-3%G* level. For IP, both eIecFronlc (lower block
due to oligomeric clusters. The remainder of the broad band around —24 kJ/mol) and harmonically zero-point energy corrected
9 > - o - binding energies (upper block arounell8 kJ/mol) are shown. For
structure must be due mainly to large, solid-, liquid-, or glasslike HFIP, only the electronic energies are given for clarity. Dimers with
clusters?®46n future work, we plan to compare these bands to the donor molecule in the most stable conformation are drawn as full
bulk spectra of the condensed alcohols at different temperatureslines (6 for IP, 3 for HFIP), the others as dashed lines. Dimers with
Comparison to available literature dafasuggests significant ~ the acceptor molecule in the most stable conformation are drawn on
differences to the spectra of crystalline solids and comparison € 1€ft. the others on the right side of the stack. To the very left and

. . . . I right, bars indicate the conformational energy difference in the
to time-resolved spectfapromises to provide detailed insights monomer. The insert in the HFIP column shows the most stable HFIP

into the hydrogen bond structure and dynamics. dimer conformation ((a)-(ap)"), as predicted by the B3LYP calcula-
Turning to the bands near 3500 chnit is quite evident that  tion.

they correspond to one or more of the most stable dimer

conformations. They occur at the low-frequency end of the contain an (s& molecule fall within an energy window of 0-5
thermal dimer bands, where one would expect cold dimers to 0.7 kJ/mol, which is about 2 kJ/mol below the narrow window
absorb. The wavenumber shifts predicted for the most stableof the three remaining dimers with (&pnolecules (see Figure
conformers according to the B3LYP calculations agree quite 6). The detailed sequence of conformers is quite sensitive to
closely (well within 10%) with the observed shifts (see Table subtle details such as zero point energy contributions. Relative
6). TFIP forms a possible exception, with at least two expected to the respective donor monomer, the wavenumber shifts are
dimer bands due to the racemic character of the monomers. Wequite similar among the nine rotamers. Relative to the (sc)
shall therefore postpone the discussion of TFIP dimers until monomer band, the (st)dimers bunch at a harmonic wave-
we have studied the spectra of a pure enantiomer. Obviously,number shift of-~144 to—153 cnt?, which is reasonably well
the good agreement between harmonic B3LYP wavenumberseparated from the-159 to—160 cnt? shift predicted for the
shifts and experimental anharmonic band center displacementgap)’ dimers. Most likely, several of the six ($tcilimer pairs
must be a consequence of substantial error compengétibn, contribute to the absorption band and this is confirmed by a
but we have confirmed this nearly perfect compensation for significant dependence of the band maximum on expansion
several aliphatic alcohof8, suggesting that it is quite robust.  conditions. For comparison, ethanol dimer, which also has up
In the case of IP, we find nine enantiomeric pairs of stable dimer to nine enantiomeric pairs of stable conformations, gives rise
conformations in the B3LYP calculations. The six pairs which to three distinct OH stretching pea.
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For HFIP, the situation is somewhat simpler, with the Pap)
(ap)* dimer being at least 1 kJ/mol more stable than the other
eight diastereomeric conformers. Therefore, the low-temperature
expansion may be dominated not only by a single monomer,
but also by a single pair of enantiomeric dimer conformations.
The predicted wavenumber shift 6fL29 cnT! agrees perfectly
with the observed shift of-130 cntl. However, there is the
possibility that higher-lying conformers are frozen during the
expansion. The rotational temperaturexdf0—20 K is typically
below the torsional or vibrational temperature. An estimate of
the latter can be obtained for HFIP monomer from the known
or calculated conformational equilibrium (vide supra). For the
most dilute expansions (0.29.5% in He), the torsional
temperature is found to be well below 100 K, whereas the
spectrum for 2% in Ar (top trace in Figure 5b) corresponds to
an effective torsional temperature around 16®20 K. This
suggests that the dimer population in the jet may indeed be
dominated by (ap)—(ap)* conformations. Nevertheless, it is
interesting to see that the energy gap to the next higher
conformations ((s&—(ap)*) is less than one-half of the corre-
sponding energy difference in the monomer. This indicates
favorable secondary interactions which become available to the
donor molecule in the (sc) conformation. In fact, relative to the
constituent fragments, (st)dimers are more strongly bound
by about 3-4 kJ/mol than (ap) dimers. (sc) dimers also have
considerably larger dipole moments{3 D) than (ap) dimers
(1—2 D). Dipolar interactions between the monomers clearly
play an important role. A lack of correlation of the dissociation
energy with the intermolecular-€F - -H—O distance indicates
that direct hydrogen bonds to the fluorine atoms are less
important. Independent of the mechanism, the results sugges
that one can tune the (apsc) isomerization energetics in HFIP
through a wide range by approaching another HFIP molecule.
We plan to explore this effect in further experimental investiga-
tions.

Toward lower frequencies, there are additional, weaker bands
visible in the spectra of all three compounds. With increasing
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Figure 7. Hydrogen bond donor frequency shift as a function of cluster
size for tentative band assignments, as discussed in the text. The dimer
shift increases with methylation and decreases with fluorination, in line
with the corresponding inductive effects on the hydrogen bond strength.
The trimer shift is more sensitive to sterical and electronic hindrance.
The tetramer shift is less affected by these constraints, resulting in a
pronounced kink ah = 3.

imposed on the large cluster bands near 3300'dior IP and
HFIP expansions at high dilution (see Figure 5) may be due to
cyclic tetramers of these alcohols. This assignment is supported
by similar structures in the jet spectra of other aliphatic
alcohols?° but it remains to be confirmed by electronic structure
calculations and possibly by size-selected spectrostdgigure

7 illustrates the cluster size trends for methanol, IP, and HFIP
based on this tentative assignment. Compared to methanol, IP
exhibits a larger dimer shift, but the kink for= 3 suggests
steric hindrance. HFIP shows consistently smaller shifts, indica-
tive of weaker interactions and in line with the findings for the

quorinatio_r!, these bar_1ds loose _intensity and approach the dimer”quid phase. To correlate these frequency shifts with hydrogen
band position. Tentatively and in analogy to the methanol case, hond energies, reliable cluster dissociation energies would be
we assign these bands to OH absorptions from molecular trimersyequired. In contrast to the elegant experimental methods
in which the three hydrogen bonds form a ring. A reasonably ayailable for very smalf or aromatic cluster& there is no

systematic density functional study is currently restricted to the general, accurate experimental technique available for the
IP trimer, for which the B3LYP 6-3tG* calculation predicts  alcohol clusters under investigation. Also, the theoretical

a doublet of strong bands shifted betwe€200 and—225 cnmt dissociation energies, calculated for the dimers (Table 6 and
from the (sc) monomer and a much weaker component at lower Figure 6) and in part for the trimers, remain quite uncertain
frequency. The experimental band (Figure 1) is broad. Its due to the low levels of electronic structure calculations which
maximum is shifted by—226 cnt! from the corresponding  have been applied. Therefore, we postpone a detailed discussion
monomer band. This is less than twice the dimer donor shift of hydrogen bond strengths in these systems. We note, however,
and indicates that sterical hindrance and associated ring strainthat logansen’s relationstftbetween the hydrogen bond energy
counteract the usual cooperative enhancement observed for theind the XH stretching band strength enhancement is obeyed
trimer shift. For comparison, the donor band of the methanol remarkably well by the B3LYP results. Using the harmonically
dimer (Figure 7) is approximately midway between the mono- corrected dissociation energy)@s a measure of hydrogen
mer and trimer absorptioffs*3and the donor band of HF dimer  pond strength and our double-harmonic estimate of the square
is even closer to that of the monomer than to that of the trither. 50t of the donor band streng@i#’2, we find D} ~ bAAY2 with
In the case of HFIP, a very weak band near the low-frequency p close to 1 kJ (km mof)¥2 for the most stable dimers. Inclusion
wing of the dimer band is the only available candidate for a of g calculated dimer conformations leads to a 10% larger value
trimer absorption. Such an assignment, or else the completegnd more pronounced scatter of the data. logafisenndb =
absence of a trimer band, would indicate a very pronounced 1 22 kJ (km moly¥2 in comparing thermal values of the
Qestabi!ization of the ring trimer due to steric and polar hydrogen bond entha|py and band strength over a wide range
Interactions. of hydrogen bonded liquids and solutions. The success of this
Bulky groups cannot avoid each other completely in a ring simple relationship is remarkable but somewhat difficult to
trimer, whereas this is easier for a ring tetramer in andpwn- rationalize from a theoretical point of vieth.At this stage, it
up—down sequence. Therefore, and in analogy to the methanolcan at least provide additional support for some of our B3LYP
case’® we propose that the sharp band which we find super- results.
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Using the B3LYP intensity information, an estimate of the detection of the excited states as well as electronic structure
average cluster concentration in the region of the supersonicand nuclear dynamics calculations.
jet expansions which is probed by the FTIR beam becomes
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