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Influence of Intramolecular Hydrogen Bond Strength on OH-Stretching Overtones
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Vapor-phase OH-stretching overtone spectra of 1,3-propanediol and 1,4-butanediol were recorded and compared
to the spectra of ethylene glycol to investigate the effect of increased intramolecular hydrogen bond strength
on OH-stretching overtone transitions. The spectra were recorded with laser photoacoustic spectroscopy in
the second and third OH-stretching overtone regions. The room-temperature spectra of each molecule are
dominated by two conformers that show intramolecular hydrogen bonding. Anharmonic oscillator local-
mode calculations of the OH-stretching transitions have been performed to aid assignment of the different
conformers in the spectra and to illustrate the effect of the intramolecular hydrogen bonding. The hydrogen
bond strength increases in the order ethylene glycol, 1,3-propanediol, and 1,4-butanediol. The overtone
transitions of the hydrogen-bonded hydroxyl groups are more difficult to observe with increasing intramolecular
hydrogen bond strength. We suggest that the bandwidth of these transitions increases with increasing hydrogen
bond strength and with increasing overtone and furthermore that these changes are in part responsible for the

lack of observed overtone spectra for complexes.

Introduction the OH-stretching overtone spectrum, and the two lowest-energy
conformers were clearly identified.Spectral and theoretical

The absorption of solar radiation by hydrogen-bonded signatures of hydrogen bonding were shown in both EG

complexes in the Earth’s atmosphere is significant to climate nformer<3 The existen f an intramolecular hvdrogen bond
changel-6 Knowledge of the spectroscopy of these complexes, conlormers.” Ihe existence ot a amolecua yé pége 0
particularly those containing water, is crucial in the assessment'" EG had been a widely d'scf’ssed theoretical t bi:
of their atmospheric importanée® The prototypical hydrated The extra methylene groups in PD and BD relative to ethylene
complex, water dimer, has possibly been observed in the glycol allow these molecules to adopt increasingly more
atmospheré. The band observed corresponded to the third .favorablle intramolecular hydrogen-bonding geometries, therepy
overtone of the donor-bonded OH-stretching mbétawever, increasing the strength of the hydrogen bond. Previous studies
subsequent laboratory experiments have failed to observe this®f PD include ab initio geometry optimizations of its 25 unique
overtone transition in water dimérmnd it has been suggested ~conformers at the Hartre€=ock level:”**From these calcula-
that the observed-20 cnt! width of this transition should be  tions, it was determined that the two lowest-energy conformers
significantly wider8 To our knowledge, there are no other had an intramolecular hydrogen bond. The infrared spectrum
observed OH-stretching overtone spectra of hydrated complexes®f vapor-phase PD has been recorded in the OH-stretching
at atmospherically relevant conditions. region with a 20 cm path length and. with a temperature. range
The low intrinsic intensity of OH-stretching overtone transi- ©Of 130-170°C.* Bands corresponding to the free and intra-
tions compounded with the small equilibrium constants of the Molecular hydrogen-bonded OH-stretching vibrations were
complexes and low vapor pressures of the monomers makesobserveo_l. In both the free and bonded regions, two closely
spectroscopic studies difficult under atmospherically relevant Overlapping peaks were observed and assigned to the two
conditions? Alternatively, the effects of hydrogen bonding can lowest-energy conforme#. Further evidence of an intra-
be investigated in molecules which contain intramolecular Molecular hydrogen-bond conformation in vapor-phase PD was
hydrogen bonds, thereby removing the problem of small found in an electron diffraction stud{.In a free-jet microwave
abundances of complexes. The intramolecular hydrogen bond@Psorption spectrum of PD, the most abundant conformer was
has been well-studied spectroscopically in the condenseddetérmined to adopt a six-membered-ring chair conformation
phasei®1thowever, vapor-phase studies have been limited. Our similar to the conformer PDshown in Figure 2! Th(_a “free”
aim is to observe the effects that increasing hydrogen bond nydroxyl hydrogen was found to be trans to the adjacen€C
strength have on the OH-stretching overtone spectra of ethylenebond-21
glycol (EG), 1,3-propanediol (PD), and 1,4-butanediol (BD) Relative to PD, there are even fewer spectroscopic and
under conditions at or near room temperature and to present aheoretical studies on BD. Two vapor-phase infrared spectral
possible explanation for the lack of overtone spectra of hydrated studies of gas-phase BD have been reported in the liter&ttite.
complexes. Both of these studies were concerned with hydrogen-bonding
In the vapor-phase infrared spectrum of EG, both the effects in solution, and neither the vapor-phase spectra nor the
hydrogen-bonded and free OH-stretching transitions were corresponding OH-stretching peak positions were given. Intra-
observed? However, the infrared spectrum was too congested molecular hydrogen-bonded conformers of BD were found to
to observe different conformers. This congestion was lifted in be dominant at 144 and 26C in an electron diffraction studkf.
Initial theoretical calculations at the CNDO/2 le¥fhnd at the
* E-mail: henrik@alkali.otago.ac.nz. molecular mechanics levélhave been followed up by a more
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BD will allow us to assess the effect on OH-stretching overtone
transitions of increased intramolecular hydrogen-bonding strength.

Experimental Section

EG1 EG2 The samples of 1,3-propanediol (Merck-Schuchardt, 98%) and
1,4-butanediol (Aldrich, 99%) were not further purified except
for degassing and drying as described previously for ethylene
glycol 13

The second and third OH-stretching overtone regidns(
= 3 and 4) of PD and BD were recorded with intracavity laser
photoacoustic spectroscopy. Our photoacoustic spectrometer and

PD1 PD2 the spectral calibration process have been described previdusly.
Briefly, a Coherent Innova Sabre argon ion laser running at all
lines was used to pump a Coherent 890 titanium:sapphire laser.
The wavelength is tuned with a three-plate birefringent filter
which yields a laser line width of approximately 1 cinThe
photoacoustic cell contained a Knowles EK3133 microphone
for detection of the photoacoustic signal. The spectra of EG
and PD were recorded at 2@, and the spectra of BD at 4C.

The BD sample was heated as described previously fotEG.
The photoacoustic signal was enhanced by the addition of a
BD1 BD2 buffer gas of 200 Torr argon to the photoacoustic cell for all
the spectrgl32
Vibrational Theory. We have used an anharmonic oscillator
local-mode model to describe the OH-stretching ma@étThe

comprehensive study, in which the lowest-energy structures Weretjl.eta".S of this .moollel are given In a recent pa’ﬁeﬂ'he
first systematically obtained from a molecular mechanics vibrational Hamiltonian is approximated by a Morse oscillator

conformational searc¥.The structures with an energy less than _and the o_hpole-moment funptlon as a series expansion in the
10 kJ mol! above the global minimum were reoptimized at |[1ternal dlsplacemgn} coord|nan]ej'he local-mode frequency
the B3LYP/6-31#+G(d,p) level. The two most stable con- ¢ and anh_ar_monlcnyux and th? d|pole-momer_1t Series expan-
formers were both intramolecular hydrogen-bonded forms, with sion c_oefﬁments are _determlned from ab initio _calcu_late(_j
calculated populations of 51% and 27% at room temperature. potential energy and dipole-moment curves. The grid poglts n
These calculated populations of BD are similar to those cal- the curves are calculated by serially displacingy +0.2

culated for the two intramolecular hydrogen-bonded conformers from equm_br!um In steps of 0.05 A. for a total .Of nine points.
of EG13.27 We have limited the series expansion of the dipole moment to

1 35,36 - i -
The vapor-phase overtone spectra of PD and BD have notthe fifth order?>3°*The OH-stretching frequency and anharmo

previously been recorded. However, the first OH-stretching nicity are obtained from the second-, third-, and fourth-order

overtone regions of PD and BD have been recorded in a dilute derivatives of th_e potential energy with respect to the OH'.
CCly solution?® The reported red shifts of the bonded @H stretching coordinate according to the equations given previ-

stretching transitions compared to the free (@Hetching ously!® These derivatives are determined by fitting an eighth
transitions in PD and BD are 166 an@36 cnT™, respectively order polynomial to the nine-point grid. Intensities are expressed

In the present paper, the vapor-phase spectra of PD and BD" the dlmenS|onIes§ qu!lator strength. .
have been recorded in the second and third OH-stretching over- .The geometry optimizations and all grid points are calpglgted
tone regions and compared with our previous spectra ofEG. with the QCISD/6-31%+G(2d,2p) methggj. The ab initio
Geometry optimizations of the two lowest-energy conformers calculations were performed witiOLPRQ
of these three diols have been performed at the quadratic CON1 sults and Discussion
figuration interaction including singles and doubles (QCISD)
levels of theory with the 6-3H+G(2d,2p) basis set. An- Diol Geometries.We have previously used the anharmonic
harmonic oscillator local-mode calculatiéR$® have been local-mode model combined with the CCSD(T)/aag-pVTZ
performed to calculate the OH-stretching spectra. The neces-method to successfully calculate the OH-stretching vibrational
sary local-mode frequencies and anharmonicities of the OH- spectra of the different conformers of E&As mentioned, both
stretching vibrations as well as the dipole-moment functions PD and BD are too large to model with this CCSD(T) method,
were calculated with the QCISD/6-31#G(2d,2p) method. It and we have instead used the QCISD/6-8115(2d,2p) method
was shown for EG that the local-mode model combined with to model the OH-stretching spectra of the two lowest-energy
calculations at the CCSD(T)/augc-pVTZ level (where aug conformers of the three diols. We expect that the QCISD/6-
indicated augmentation only on the OH groups) could accurately 311++G(2d,2p) method will reveal the trends pertaining to the
predict the observed specfUnfortunately, it is not possible  hydrogen bonding in the diols, without providing the spectro-
to run CCSD(T)/augcc-pVTZ calculations for PD and BD.  scopic accuracy obtained at the CCSD(T) level.
Calculations at the less computationally expensive QCISD/6- The two lowest-energy structures of each of the three diols
311++G(2d,2p) level are possible for all three diols, and we are shown in Figure 1 with the lowest-energy structure of each
compare with the CCSD(T) calculations for EG as a benchmark. diol labeled asl. The main structural difference between the
The anharmonic oscillator calculations for the three diols will two hydrogen-bonded conformers of each diol is the dihedral
facilitate assignment of the PD and BD spectra. The combination angle of the “free” hydroxyl group. The intramolecular hydrogen
of observed spectra and calculations for the series EG, PD, andbond geometries in EG, PD, and BD correspond to five-, six-,

Figure 1. The two lowest-energy conformers of ethylene glycol (EG),
1,3-propanediol (PD), and 1,4-butanediol (BD).
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TABLE 1: Optimized Geometric Parameters of the Two TABLE 2: Calculated Red Shifts (cm™1) and Relative
Lowest-Energy Conformers of 1,2-Ethanediol, Intensities in Ethylene Glycol, 1,3-Propanediol, and
1,3-Propanediol, and 1,4-Butanediol (A and deg) 1,4-Butanediok
conformer rOH, rOHs B OHB EGL PD1 BD1
EG1 0.9587 0.9555 2.3605 107.5 v AV fo/f AV fo/fs AV fo/f
EG2 0.9593 0.9573 2.3599 110.6
PDL 0.9593 09561 20452 1375 ! 39 12 as a4 105 98
2 77 0.65 89 0.36 227 0.15
PD2 0.9597 0.9577 2.0856 137.1 3 112 0.63 133 0.46 365 0.34
BD1 0.9614 0.9569 1.8924 154.5 4 145 0'75 178 0.69 520 0.78
BD2 0.9616 0.9574 1.9001 153.7 5 177 0.96 223 10 691 1.4
a Calculated at the QCISD/6-31H-G(2d,2p) level.
and seven-membered quasi-rings, respectively. The lowest- . EG2 _ PD2 . BD2
energy structure for PD is consistent with the electron diffraction ¥ AV fo/fy Av fo/fy AV fo/fy
and microwave result®;?! 1 22 1.6 36 4.1 92 11.2
The QCISD/6-31%++G(2d,2p) calculated geometric param- 2 41 0.76 74 0.43 200 0.22
eters relating to the hydroxyl groups are presented in Table 1. 2 g’g 8-;3 ié‘; 8-22 igé (1)'80
The labels used are as followsOH, andrOH; are the bonded 85 097 201 11 605 16

and free OH bond lengths, respectivelys is the hydrogen _

bond length, defined as the distance between the acceptor °Calculated with QCISD/6-312+G(2d,2p) local-mode parameters
oxygen atom and the donor hydrogen atom, ahdB is the and dipole-moment functions.

hydrogen bond angle, i.e., the-®ly, ---O angle. The Oklbond . . . .
lengths are calculated to be similar for EG and PD, while they _1he general intensity trené? of hydrogen bonding, with
are slightly longer for BD. The calculated hydrogen bond length strongegg for the fundamentat and weakerf, for the first

rus becomes significantly shorter with increasing diol chain overton€® compared tdy, was calcula.ted.for al! _the diols. In
length with distances of approximately 2.4, 2.1, and 1.9 A. The '.the fundamental, the calculated relative intensities are approx-
hydrogen bond angle approaches a more favorable linearimately e_qual for EG, a factor of4greaterfor_PD anq an order
geometry in the diols sequence, with calculated angles of °f magnitude greater for BD. Conversely in the first OH-
approximately 119 137, and 154. These geometric changes stretching overtondy, becomes increasingly weaker relative to
respectively suggest increased intramolecular hydrogen bondff I the EG to BD series. As the vibrational overtone level

strength from EG to PD to BB increasesfy is calculated to steadily increase relativetorhe
The QCISD/6-31%+G(2d,2p)-calculated electronic energy decrease in intensity df at the first overtone is attributable to
difference between the EiGand E@ structures is 2.17 kJ mol a cancellation of terms in the dipole-moment expan$idh.

(181 cnmd), in reasonable agreement with the CCSD(T)laug There is not yet a standard criterion for determining the absolute
cc-pVTZ value of 1.34 kJ mot (112 cn?).23 In EG, we found _streng_th of intramolecular hydrogen bonds; hovy(_aver, the
that the zero-point vibrational energy correction increases the INt€nsity trend calculated for the fundamental transitions does
energy difference by approximately 0.36 kJ mof30 cn?). suggest a s!gnlflcantly stronger intramolecular hydrogen bond
The calculated energy differences for the two lowest-energy 0" BD relative to EG. _
structures of PD and BD are 0.95 kJ mb(79 cntl) and 0.98 Observed Overtone SpectraFor each of _the diols, we have
kJ mol? (82 cnTY), respectively. The QCISD calculated elec- labeled the Ol anql OH-stretchlng transitions of conformer
tronic energy differences are without zero-point vibrational 1 @s1b andif and likewise2b and2f for conformer2.
energy correction as this is expected to to alter energies little  The vapor-phase OH-stretching overtone spectra of the three
for the two lowest-energy structures. The structural degeneracydiols in theAwvon = 3 and 4 regions are presented in Figures 2
for all conformers in Figure 1 is four and does not alter their and 3, respectively. Thaf and 2f transitions of each diol
relative abundances. Thus, on the basis of these relative energieire clearly observed between 10 400 and 10 600'dm the
the relative abundances of conformérand2 at both 20 and ~ Avon = 3 region and between 13 500 and 13 800 ¢&in the
40 °C is on the order of 2 to 1. Avon = 4 region. In all spectra, the band is the most intense.
Anharmonic Oscillator Calculations. The calculated red ~ The calculate®f transition intensities are approximately-10
shifts A7, defined as the wavenumber difference between the 15% weaker than théf transitions, and in combination with
free and hydrogen-bonded OH-stretching transitions and thethe relative abundances of the conformers, this leads to the
relative intensities of bonded to free transitidg§ are shown  €xpected relative intensities of approximately 2 to 1 Ibto
in Table 2. The calculated local-mode parameters, transition 2f, in good agreement with the observed relative intensities.
wavenumbers, and oscillator strengths are presented as Support- The observed wavenumbers of the(2f) transition of PD
ing Information. A trend of greater red shifts is calculated for and BD are similar, as shown in Figures 2 and 3. The splitting
the EG to BD sequence. The QCISD-calculated red shifts in between thelf and 2f transitions is less for PD and BD than
the fundamental region compare well to the observed vapor- for EG. This observation can be attributed to the lower steric
phase fundamental red shifts of approximately 33, 58, and 110hindrance present in the larger diols relative to EG. The
cm1for EG12 PD 19 and BD?2 Unlike the infrared spectrum,  similarity in the free transition wavenumbers also indicates that
the bands associated with the two lowest-energy conformers ofthe free hydroxyls are unaffected by increasing intramolecular
EG are observed in the overtone spectra, and a more detailechydrogen bond strength.

comparison is possibfé.The QCISD-calculated red shifts for It is immediately apparent from Figures 2 and 3 that the
EG are an underestimate of the observed red shifts in thebonded transitions become significantly less distinct in the EG
Avon = 3—5 regions (Supporting Information). In thevoy = to BD sequence. The bonded transitiolts and 2b in the

5 region, the red shift is underestimated by about 100'cm  Avon = 3 EG spectrum are relatively intense and clearly iden-
The agreement is better with the CCSD(T)/acgpVTZ tified. In the Avoy = 3 PD spectrum, a weak band is observed
method, which approximately halves the discrepakicy. at 10 275 cm?, which we assign to the bonded transitions. We
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Figure 2. The vapor-phase overtone spectra of ethylene glycol (20
°C), 1,3-propanediol (20C), and 1,4-butanediol (4TC) in the Avon
= 3 region.
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Figure 3. The vapor-phase overtone spectra of ethylene glycol (20
°C), 1,3-propanediol (20C), and 1,4-butanediol (4TC) in the Avon
= 4 region.
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weak bands are observed at 10 070 and 10 256%cifhe
position of the band at 10 070 crhagrees with the increasing
red shift observed with the bonded transitions of EG and PD.
The observed red shift is100 cnt! greater than our QCISD-
calculated red shift, as expected with the QCISD meffiaahd

we tentatively assign the band at 10 070¢no the bonded
transitions. The band at 10 256 chygets some of its intensity
from weak transitions due to water vapor impurity in the sample
and is less likely to be due to th and2b transitions. Our
calculatedlb and2b transitions of BD in theAvoy = 3 region

are separated by only 15 cf so we would not expect to
observe distinct bands for each transition.

In the Avoy = 4 EG spectrum, the bonded transitions of the
two most stable conformers are again easily resolved. While
bonded transitions could be observed in theoy = 3 PD
spectrum, they cannot be clearly identified in theoy = 4
spectrum. However, there is a broad feature around ap-
proximately 13 400 cmt, which may be due, in part, to the
bonded transitions. Th&voy = 4 region of BD appears similar
to that of PD, with a broad band ranging front.3 000 cnr!
to the location of thef transition.

The region around 13 300 crhmay be complicated by the
overlap of thelb and2b transitions with the less intense, albeit
more numerous, methylen®ucy = 5 transitions, which are
expected at these wavenumbers. For example, the methylene
Auvcy = 5 transition of propane is located at 13 302¢mand
the Avcy = 4 transition is at 10 914 cm.*® Thus, there is
limited chance of overlap between CH-stretching and OH-
stretching transitions in th&von = 3 spectra of Figure 2. The
two lowest-energy conformers of PD (BD) combined yield a
total of 12 (16) similar, but nonequivalent, methylene CH bonds,
and their combined intensity could contribute to the broad
feature observed in thAvoy = 4 spectra of PD and BD.
However, the contribution from the methylene transitions is
likely minimal, because the eight total nonequivalent methylene
CH bonds in the two major conformers of EG are insignificant
in the Avoy = 4 EG spectrum.

It is apparent from the observed spectra of PD and BD that
the increase in intramolecular hydrogen bond strength plays a
significant role in the Olgtstretching transition intensities and/
or bandwidths. Our anharmonic oscillator calculations have
predicted the typical intensity trend for hydrogen bonding and
provide good agreement with the higher-level calculations and
observed spectra for EB.Thus, we believe our intensity
calculations for the second and third overtones are reasonable.
Given that our calculations show the relative intensities of the
OHy-stretching overtone transitions in PD and BD are similar
to those for EG, we attribute the observed “disappearance” of
the OH,-stretching transitions in PD and BD to bandwidth
broadening.

We illustrate the effect of selectively increasing the width of
the OH,-stretching transitions of PD in Figure 4. For simplicity,
we only include the two transitions of conformkrThe simu-
lation is based on the observétland 1b transition wavenum-
bers and our calculated relative intensity of approximately 1:2
for 1b:1f in the Avon = 3 region. A Lorentzian line shape with
a full width at half-maximumX;) of 40 cnm, typically observed
for OH-stretching overtones, was assigned to th&ansition

cannot clearly distinguish two peaks corresponding to the two and was kept fixed. The widths of thl# transitions I['y) were
most stable conformers. This band is red-shifted relative to the chosen to be 40, 120, 240, and 360¢niThe top spectrum in
free transitions of PD and to the bonded transitions of EG. Our Figure 4 has equal widths of both transitions, and the resulting

calculations indicate that thib and2b transitions of PD are
separated by-50 cnt?, which is comparable to a typical OH-
stretching bandwidth. In thAvony = 3 BD spectrum, two very

spectrum is similar to the observed spectrum of conforbrefr
EG. As the OH-stretching transition is broadened, it becomes
more difficult to discern, similar to what we observe in our
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OHy-stretching overtone transitions of PD and BD are very
difficult to observe.

Conclusions

The vapor-phase OH-stretching overtone spectra of 1,3-
propanediol and 1,4-butanediol have been recorded intlg
= 3 and 4 regions and compared to our previous spectra of
ethylene glycol to investigate the effects of intramolecular
hydrogen bonds. The room-temperature spectra of each diol are
dominated by two conformers whose main geometrical differ-
ence is the dihedral angle of the “free” hydroxyl group.

Anharmonic oscillator calculations have been performed to
simulate the spectra. The strong intensity increase of the OH
stretching fundamental and the excessive weakness in the first
overtone, typical attributes of hydrogen bonds, have been
calculated. The intensity of the Q¥dtretching transitions are
calculated to steadily regain intensity at the third and higher
overtones.

The increase in intramolecular hydrogen bond strength has a
significant impact on the appearance of the &ittetching
transitions. The OHkistretching transitions appear to be increas-
ingly broadened as the intramolecular hydrogen bond strength
increases from 1,2-ethanediol, 1,3-propanediol, and 1,4-butane-
— 1T T T T T ' 1 diol. We estimate that the widths of the @btretching overtone

9900 10100 10300 10500 10700 transitions of 1,3-propanediol and 1,4-butanediol are greater than
Wavenumber / cm’' 100 cnt. Due to this broadening, the QHtretching overtone
Figure 4. Broadening simulation of the bonded transitions of 1,3- transitions of stronger intramolecular hydrogen bonds and
propanediol conformet in the Avoy = 3 region. hydrogen-bonded complexes are predicted to be more difficult
to observe.
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seems that the widths of the @!dtretching transitions increase  ing local-mode frequencies and anharmonicities of the three
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We can speculate on the nature of this broadening. The strengths. Measured peak positions in 1,3-propanediol and 1,4-
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