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The OH bond of methanol, ethanol atdbutyl alcohol becomes more anharmonic upon hydrogen Ingnaid the infrared
intensity ratio between the overtone and the fundameraakition of the bridging OH stretching mode decreases idedist
FTIR spectroscopy of supersonic slit jet expansions alloegiantify these effects for isolated alcohol dimers, éingta direct
comparison to anharmonic vibrational predictions. Theydrel anharmonicity increase amounts to 15-18%, growirth wi
increasing alkyl substitution. The overtone/fundametRaintensity ratio, which is on the order of 0.1 or more forlaed
alcohols, drops to 0.004-0.001 in the hydrogen-bonded Gidgrmaking overtone detection very challenging. Agaikylal
substitution enhances the intensity suppression. Vilmatisecond order perturbation theory appears to captese tbffects
in a semiquantitative way. Harmonic quantum chemistry jot&xhs for the hydrogen bond-induced OH stretching freopye
shift (the widely used infrared signature of hydrogen bagjliare insufficient, and diagonal anharmonicity correttifrom
experiment make the agreement between theory and expenivoese. Inclusion of anharmonic cross terms between hyairog
bond modes and the OH stretching mode is thus essential adsigh level electronic structure theory. The isolated rmale
results are compared to matrix isolation data, complemgmtarlier studies in Nand Ar by the more weakly interacting Ne and
p-H, matrices. Matrix effects on the hydrogen bond donor vibratire quantified.

1 Introduction The question is also relevant for 2D time-resolved pumbero

_ IR experiments in condensed phase, which probe the anhar-
In 2006", the late Camille Sandorfy posed the general titlemonicity by absorption out of the excited stretching funda-
question - hydrogen bonding: how much anharmonicity? Inmental level and would actually not work without this anhar-
deed, it is crucial to know how much the anharmonicity of anmonicity”.

OH oscillator changes upon hydrogen bond formation. Af- . -
ter all, the formation of a hydrogen bond may be viewed as a We co_ncentrate on the diagonal apharmomcny cons_tant
pre-reactive model for chemical bond breaking. It weakkast *OHOH . I.€. On€ half of the change in the OH stretching
chemical bond of the donor, it lowers its vibrational freqgag yvavenumber upon previous exqtaﬂoq of the same OH_stretch-
and it does so by strengthening the link to the acceptor aton{9 mode (t%\’: 1). In8a c3|[1h§—d|men3|onal Mc;)rsz oscﬂlgtor(,j
In more reactive systems such as HCI, the bond can not be onl% corrésponds {0~ GeXe ™. IS constant can be etermine )
softened, but ionically broken by adding a number of water I a straightforward way even in a polyatomic molecule by ei-

molecules. The exact number of water molecules required igwer measuring the ab(_)ve-mentloned hot transition ortbeov_
still under debatd™, from an experimental viewpoint. Here, tone of the OH stretching fundamental. The former strategy i
; I;?xploited in pump-probe schemes in the condensed phase

nevertheless has remained somewhat in the'ddken with- whereas the latter is the standard approach in gas Plaast

out breaking the chemical bond, the coupling between the Oh[qnatr_ltx |s?ltz;11t|on mciasurebmfrlrf’sfl_f[ Slfjﬁers frrc:_mha low IIRt.'n' f
oscillator and the intermolecular vibrations controls kifee ensity of the overtone, but profits from a high popuiation o

time of molecular complexes after OH stretching excitation

1 Electronic Supplementary Information (ESI) available:n@putational re-
sults for methanol and ethanol monomers and dimers, cotigpilaf experi-
mental wavenumbers and absorbances. See DOI: 10.1039Q@00
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the ground state, at least in a cold supersonic jet expansion
matrix. This removes inhomogeneous broadening from low
frequency excitations and ensures the required accuraigrin
termining the band center. Together with the absence of en-
vironmental perturbation in the case of jet spectroscdpy, t
experimental approach offers a perfect meeting point with a
harmonic theory™.

The position of an overtone transition is governed by the
mechanical anharmonicity of the oscillator, but its infgnis
controlled by both the mechanical anharmonicity and its-ele
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trical counterpart, namely a non-linear dipole moment eurv whereas no information on any of their OH stretching over-

along the oscillatiot?. Even for a perfectly harmonic oscil- tones is available in the gas phase literature. The only indi
lator, dipole moment curvature would induce infrared attiv  rect evidence is from an isotopic shift analysis after deute
of the overtone transition. In an anharmonic potentialptv@  tion®1%:24 but as we will show, this analysis can be mislead-
non-linear contributions may add to or partially cancelreac ing. The purpose of the present work is thus to provide rig-
other. Whenever an OH bond engages in a hydrogen bonayrous experimental benchmarks for the diagonal anharmonic
cancellation is typically dominant for the overtone infigns ity in the OH stretching mode of hydrogen-bonded alcohols
whereas the fundamental transition profits enormously fronto be compared with perturbation thedfy!:26-30%and vari-

the steepening of the dipole curve due to bond polarizationationaf3? as well as isolated 1-dimensioi&P* treatments
Instead of an order of magnitude drop in intensity from fun-based on quantum-chemical potential energy hypersufaces
damental to overtone transitions in isolated OH bonds, two
or more orders of magnitude may be expected for hydroge
bonded OH group¥. Indeed, 8 decades ago, the absence

of an OH stretc_hing overtone has been used as evidence fQfathanol (VWR, 99.9%), ethanol (Roth99.8%) and-butyl
hydrogen bonding®. This makes overtone detection techno- alcohol (Roth,>99%) were used as purchased. After flow-

logically demanding, even more so at high gas phase dilutiof, through the liquid substances in cooled saturators, he-
typical for supersonic jet expansions. Therefore, onlywost i, (| inde, 99.996%) was filled into the gas reservoir of the
sensitive jet spectrometers are capable of detectingWesk  fjetjet, previously described in detdl The mixtures were

overtones in hydrogen-bonded diméts*. further diluted with helium through a second inlet and co-
We choose simple alcohols as the test cases, because in C@dition of argon (Air Liquide, 99.998%) could be realizéa v
trast to watet®, they offer a single isolated hydride oscilla- 5 third valve. The concentration of the alcohols in heliunswa
tor which is sufficiently decoupled from other intramolesnul  astimated from their vapor pressures, the argon concintrat
modeg®. Their simplest symmetric representatives methanoby measuring its flow velocity. A long aspect ratiing but
andt-butyl alcohol are elementary enough to invite high Ievel|engthy) slit nozzle (600 x 0.2 mA) was employed to expand
quantum chemical calculations of their dim&$®. Ethanol  the samples into a continuously pumped (25G@vacuum
is presented as a case where the oscillator strength is di@-< 1 mbar) chamber (23 %1 180 ms gas pulses were synchro-
tributed among several dimer conformatidhsendering de-  njzed to the 60 kHz 2 cm* resolution scans of a Bruker IFS
tection even more challenging. The study of aliphatic at®h  ggyv/S FTIR spectrometer. The transmission range of,CaF
precludes techniques which exploit UV/IR double resonancegptics covered all spectral regions of interest. A 2mm InSb
except for the VUV variant which is susceptible to fragmen-gdetector was employed to measure the fundamental and over-
tation dynamic$® and therefore requires careful analysias  tone regions at the same time, providing approximate iitiens
well as femtosecond multiphoton ionization, which can lead comparisons for the monomer transitions in the jet expansio
band broadenintf. We use a non-selective FTIR absorption \while the InSb detector was sufficient to detect all spedies i
approach, which enables a direct comparison of fundamentghe OH fundamental region, a 3mm InGaAs detector together
and overtone excitatiort. By pulsed expansion of alcohol- yith a bandpass filter was used for increased sensitivitién t

Experimental

rare gas mixtures through a 600 mm long slit noz3lsuffi-  oyertone region, enabling the detection of weak dimer signa
cient absorption is achieved, when the infrared attennasio A correction factor was deduced from comparing monomer
detected with a sensitive detector. overtone intensities in the InSb and InGaAs overtone spgctr

Information on the OH stretching anharmonicity in such enabling the evaluation of the dimer intensity ratio fronttbo
simple alcohol dimers was so far restricted to matrix isola-spectral regions. Due to the weakness of overtone transitio
tion studies®, where matrix shifts comparable in size to an- spectra from more than 1000 gas pulses had to be coadded in
harmonic constants must be considered. For fluorinated alcahe respective range, whereas single gas pulses can produce
hols, where the reduced hydrogen bond strength and enhancaitohol dimer donor bands with a signal-to-noise ratio in ex
volatility alleviates the intensity problem, we have pasly  cess of 20 in the fundamental range if suitable bandpassfilte
reported supersonic jet overtone ddt&. In solution', hot  are employed.
bands add to solvent shifts, rendering a quantitative aialy ~ Band intensities were obtained by integration of the ab-
difficult. This leaves the gas phase as the preferred envirorsorbance spectra using two different integration routirias
ment for such studies, although the more weakly interactingase of overlapping bands, the spectra had to be fitted for
matrices of Ne ang-H, are also attractive due to the much this purpose. Because the jet spectra are not pressure-
longer interaction times of photons with individual moleess  proadened beyond the employed instrumental resolution of

The fundamental OH stretching spectrum of meth&nol 2cm 1, monomer integrations could be affected by sizeable
ethanof* andt-butyl alcohoP® dimers is well characterized, errors. In particular at high absorbance, this error coakilg

2| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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reach a factor of 2. For dimers, the small rotational cortstan | M
and homogeneous broadening increase our confidence in rel
tive integrated intensities. i; ool

The high resolution spectrum of 10 mbar ethanol in 1 bar=
N, was measured in a 23 cm gas cell with a Bruker Vertex 70\;mE o4k
spectrometer at 0.35 cmh resolution. Errors for all measured =
spectroscopic constants have been estimated and are given ot
parenthesis, thus 1.0(1) means@1 and 1000(100) means
1000+100.

To complement the jet data, two matrix isolation experi-
ments were carried out on methanol dimers in the NCTU lab- _
oratory. A gold-plated copper block, cooled with a closed-
cycle refrigerator system (Janis RDK-415), served as both .
substrate for the matrix sample and a mirror to reflect thie inc
dent IR beam to the detector. A gaseous mixture o§GH/p-

H, (1/150, flow rate 35 mmol tt) was deposited at 3.2 K for g
6 h, whereas a gaseous mixture of {HH/Ne (1/150, flow

rate 11 mmol h1) was deposited at 5.0K for 26 h and cooled 30750 T e e e e s 5200
to 3.2K. IR absorption spectra were recorded with a FTIR 7/cm™1

spectrometer (Bomem, DA8) equipped with a quartz-halogen

lamp, CaF; beamsplitter and an InSb detector that was cooledig. 1 Fundamental (200 pulses) and overtone (1450 pulses) apectr
to 77K to cover the spectral range 2000-7500ém Typi- of 0.5% methanol in 0.8 bar helium e>.<pansions. Iptensit’rpsa]f

cally 600 scans at resolution 0.10chwere recorded after overtone to fundamental bands_ are given as fractions. Tdebr

each step of deposition for 1.0-1.5h. monomer (M) band.s bury the signals qf th.e.hyd.rogen bond aocep

Methanol (J. T. Baker, Absolute Grade) and Ne (99.999%Of the dlmgr. The d'“.“er donor band ¢Pis V'S'b.le in both spectra,
Scott Specialty Gases), were used as purchased. Normgrereas trimer (T) signals are not observed in the overtegien.

H, (99.9999%, Scott Specialty Gases) was passed through

a trap at 77K before entering a copper cell, filled with hy- gpectively. A value of-86(1)cnt ! for Xor on thus appears
drous iron (Ill) oxide catalyst (Aldrich) and cooled to 1X6  to pe robust and also agrees with a fit involving several vi-
with a closed-cycle refrigerator (Advanced Research 8yste prational state¥. To judge the performance of the much
DE204AF), forp-H, conversion. After conversion, the con- more sensitive matrix isolation technigtfeone may note that
centration ofo-Hj is less than 10 ppm according to the Boltz- the methanol stretching transitions are-atrix-shifted by

1 1
320(90)

5 7300 7200 7100 7000 6900 6800 6700

103 1n (Io/I

mann distribution. —22cni! (fundamental) and-39 cnt (overtone), whereas
the anharmonic constant is only reduced by 1-2tmom-

3 Results pared to the gas phase. For Ar-matrices, the corresponding
numbers are slightly closer to our gas phase vafi€Ehis is

31 Methanol even more true for thp-H, matrix spectra reported in Fig. 2,

where the overtone shift amounts to abet&7 cnm . In Ne
The OH band centers and anharmonicity constant of methanehatrices® (see Fig. 3), there is actually a small blue shift of
monomer are actually not straightforward to extract from th +9cm™! for the overtone. In both cases, the anharmonic-
spectra due to strong rovibrational couplings and tordimma. ity constantxon,on = —86 cm L is identical to the gas phase
neling®®. For the fundamental, we use the value of 3686&m value within its error margins. This indicates that the ma-
derived from jet-cooled FTIR and Raman band maxima trix isolation approach affects monomer harmonic and anhar
but one can also argue using the high resolution band cermmonic constants in the sub-% range with particularly small
ter near 3685 cm' %6 or even a torsion-decoupled, but model- effects for Ar,p-H, and Ne. The same is true for the isotopic
dependent value of 3678 cth®®. For the overtone, we use the shift analysis of methanol and methanol-&Qvhich yields
jet FTIR band maximum of the centre band at 7198 éftom ~ Xonon=—87cm™1,
the present work (see Fig 1), but one can again argue using We will now address the question whether this also holds
the average over the A/E torsional states of 7196t or  for methanol dimer. Fig. 1 shows the OH stretching overtone
an approximately torsion-decoupled value of 7185¢/%3¢  spectrum obtained from a 0.5% methanol expansion in 0.8
For the corresponding pairings, the resulting anharmamie ¢ bar helium, superimposed on the corresponding fundamental
stantXoHon is —87 cml, —87cmrl, and—85.5cm?, re-  spectrum recorded under exactly the same conditions. The

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3



too reactive to study isolated hydrogen-bond-induced mnha

0.2} 1 monicities in a quantitative way, but the qualitative agneat
is still satisfactory. We should mention that the analydis o
0.15} | Ar matrix spectra{102.5cnt1) 10 leads to better agreement

with the gas phase anharmonicity. This trend continuesfor t
data presented in Figs. 2 and 3 feH, (—102cnt) and Ne
(—96 to—98 cn11) matrices. The advantage of the former is
that site splittings are largely absent, whereas the latier

trix is somewhat closer to the gas phase value, approaching
it from the other side. Less satisfactory is the deuteriumn is
tope analysis of the donor vibratinwhich has led to an es-

o5 700 7200 7100 7000 6900 6800 6700 timated methanol dimer donor anharmonicity constant df jus
) D, | —89cnm L. This is only 2% larger than the monomer value in
=~ M the same analysis, whereas the correct answer is 15%. Hence,
< o7 there is a large range of previously estimated anharmgnicit
5 i increases in methanol-OH upon dimerization, ranging from
= 05 2% to 24%. The present experiment settles this order-of-

magnitude range more or less in between, at 15(1)%.

3750 3700 3650 3600 3550 3500 3450 3400

7/em~?
Fig. 2 Fundamental and overtone partial IR spectra of a 0.25F M g
CH;OH/p-H, (1/150) matrix after deposition at 3.2K for 1.5 h.
S 0.2F 1
S
5 0.15¢ 1
two spectral windows are positioned such that the monomes D
transitions match and the overtone spectrum is compregsed | o1r d |
exactly a factor of 2, such that any change in the dimer an | “ |
harmonicity constant relative to the monomer value is graph
ically reflected by a shift of the corresponding dimer transi 0 e w-
f[ion. iny one very weak dimer qvertone transition is seen . I R 7T 7 T R T R
in the jet spectrum (B), further shifted from the monomer M ' ' ' '
than the corresponding strong fundamental transitionott ¢ < 3| D i
responds to the hydrogen-bonded OH, whereas the free O .S
band in the dimer is buried in the complex rovibrational pat- = %[ |
tern of the monomer (M). The position of the single dimers 4| ]
donor band is 6950.6(6) cm. In combination with the fun-
_damental band position atl3_574.5(_3)ﬂ11 an anharmonlc T T T T TR T ey /W
ity constant 0f—99.2(4)cnt~ is obtained. In an M matrix, 7/em~!

three transitions at 6833, 6800 and 6764 ¢rare observetf.

This complex pattern reflects the observation in the fundeame Fig- 3 Fundamental and overtone partial IR spectra of gGH/Ne

tal region and is attributed to different dimer conformatio (1/150) matrix after deposition at 5.0K for 4.5h.

or packing effects in the matrix, to which the OH stretch-

ing frequency reacts very sensitively. Because of the paral An advantage of the matrix approach is that even the ac-
lelism of fundamental and overtone perturbations, it i sti ceptor OH can be separated from the sharp monomer tran-
possible to extract an anharmonicity constant for eachesfeh sition, although with similar site splitting effects. Theroe-
sites. It amounts te-105cn ! for the dominant matrix sig- sponding anharmonicity constants are obsetéalbe within

nal. Hence, the anharmonicity increases by about 15% in thé cm! of the monomer values for Nand Ar matrices, as
gas phase from the methanol monomer to the dimer and bgxpected. However, the position of the acceptor bandssshift
about 24% in the matrix. The reason is most likely a coop<from 0.4% lower than the monomer inltb 0.4% higher than
erative OH--OH---N, hydrogen bond pattern in the matrix, the monomer in Ar matrices. In the casepeH, and Ne ma-
which weakens the donor OH bond more than if the acceptrices, the acceptor bands are somewhat difficult to identif
tor has no binding partner. Therefore, a nitrogen matrix isand will be the subject of a separate study. The available gas

4| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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phase evidence is also somewhat contradictory, claimiag thmental wavenumbers, we predict their combination band
acceptor at 368%41or 3675cm 1 2L, slightly above or - considering the expected negative eross
The intensity effects on the overtone transition are moreanharmonicities - even within the band profile of the monomer
dramatic. By integrating the area underneath the dimerdandvertone. Therefore, it is not surprising that it is not alise
in Fig. 1, which were measured under identical expansion conin our spectra. A remarkable qualitative feature in Fig. 1 is
ditions, one obtains a ratio of 320(90), by which the funda-the complete absence of trimer overtone spectral intgrkgty
mental is stronger than the dimer overtone. The correspondpite a very sizeable fundamental transition, which has bee
ing published matrix isolation vald@is 420, independent on analyzed before in det&il This absence means that the trimer
the matrix gas and slightly larger than the gas phase valué)H stretching overtones and combinations must be at least
For the lighterp-H, and Ne matrices studied in this work, three orders of magnitude weaker than the trimer fundamen-
approximate intensity ratios between fundamental and-oveitals, in agreement with the finding by matrix isolatiSr(see
tone transitions of the hydrogen bonded OH stretching modélso Figs. 2 and 3).
of 300(100) and 300(150), respectively, can be extractad fr
spectra recorded in an early deposition phase, where the fug.2 t-Butyl alcohol
damental transitions are not yet saturated to a large degree
The 320-fold gas phase enhancement of the fundamental re!-—.
ative to the overtone is to be compared to the correspondin So.2
monomer ratio, which is 6(1) in the jet spectra, and betweer =, ,|
12 in an Ar matrix, and 20 in a Nmatrix. Again, the lighter o [T
matrices yield somewhat lower values of 9(3) feH, and - 10 7200 '71‘00 7000 6900 '68‘00 6700
11(3) for Ne, likely because they give rise to less hydroger
bond enhancement of the fundamental than Ar and in partic
ular N,. The strong sensitivity of the monomer intensity ra-
tio to the environment could also be related to the comple>
coupling pattern in this mode, but a residual integratiagorer
cannot be ruled out in our monomer jet spectra due to the lov
spectral resolution and the sharp monomer transitionsthiéor
room temperature gas phase, where our experimentally esi
mated monomer ratio of about 6 is particularly problematic ~
due to higher extinction, agreement with the reliable ditere
value*? of 12.1(9) is still within a factor of two.
More interesting is the dimer donor/monomer intensityorati
in the two spectral ranges. As we have no experimental way ti
determine the dimer concentration, we have to rely on aliter 3700 3650 3600 3550 3500 3450 3400
ature reference. Huiskest al.*! determined a ratio of 12.3(6) 7/em !
n the_fundamental range, assuming eq“@' dissociationiand aFig. 4 Fundamental (200 pulses) and overtone (1350 pulses) apectr
_sorptlc?n Cross sections. Th's leads to a dimer dono_r/mpnom%f 0.3%t-butyl alcohol in 0.8 bar helium expansions. Intensity
intensity ratio of about 0.5 in the overtone range (usingdithe  |a4ios of overtone to fundamental bands are given as frastiGhe
erature fundamental/overtone ratio for the monotfeHow-  monomer (M) bands feature some rotational structure. Tiemsity
ever, in converting the monomer referefiteHuiskenet al.**  of the bands of the dimer acceptorsiand donor (BQ) are affected
may have overlooked an Ig/In conversion. Therefore, a mordifferently by the hydrogen bond.
realistic overtone dimer donor/monomer intensity ratioyma
be closer to 1, but we emphasize that this ratio is outside our When moving from methanol td-butyl alcohol, the
own experimental evidence. In summary, the order of magelectron-donating methyl groups improve the hydrogen bond
nitude overtone attenuation of infrared intensity in metila  acceptor character of the alcohol, and to a lesser extebt pro
monomer changes to a 320-fold attenuation in the hydrogerably also its donor qualit}*. This strengthens the hydrogen
bonded dimer OH and the order of magnitude intensity enphond and results in an increased red-shift of the OH group fre
hancement of the fundamental upon hydrogen bonding is losjuency. Fig. 4 shows the corresponding fundaméniahd
in the overtone. This represents a helpful benchmark fopbvertone spectra in the style of Fig. 1 and the determined
anharmonic calculations on multidimensional potentiadl an wavenumbers are given in Tab. 1. Due to the smaller rota-
dipole hypersurfaces. tional constants, the monomer (M) signals are narrower (al-
Adding the methanol dimer acceptor and donor fundathough rotational branches are still visible) and allow tfoe

- - - - - -
M 1
1 D4 1000(400)

103) A
Da x10

o Dy ]

010 (Io/I)

T

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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detection of the weakly red-shifted acceptor OH mode of the ~ 0.4~ - - - - -

dimer (Dy). The shift is similar to that of methar@ (unless
one adopts the earlier assignméfits) and the anharmonic-
ity constant (87.9(3)cn?!) is indeed very close to that of <
the monomer £87.0(2)cnt!). The monomer anharmonic- e
ity constant was previously determined with larger undetya  ~— g o}
from fits to several room temperature gas phase overfdfies
The small difference between monomer and dimer acceptc‘?:
leads to the conclusion that free OH groups hardly sense th™ 0.1}
electron-donating effect of the three additional methplgps.
The opposite is the case for the donor OH vibratior)(D 0
It is now red-shifted by 145.2(4)cn from the monomer, 7
about 30% more than for methanol. The anharmonic con
stant (-102.6(4)cn!) now exeeds that of the monomer by ~ 0.6f
about 18%, compared t815% for methanol. These trends <05
are subtle compared to the intensity effects. The fundamer\
tal/overtoneratio is 4(1) in the jet-cooled monomer, lothan N 0.4}
the literature gas phase value of 6.8@)it increases to 10(3) 5 0.3}
in the acceptor band and to 1000(400) in the donor band of they
dimer. This demonstrates the sensitivity of OH overtonerint — 0.2
sities to the hydrogen bond strength, which exceeds thaeof t
wavenumber shift by at least an order of magnitude. The in-
tensity ratio for the trimer transitions is expected to bghleir 0
than a factor of 800, which we derive as a lower bound. This

lower bound is comparable to the dimer donor ratio, just be-

cause the trimer fundamental is less intense in our jet Epect rjg 5 comparison of gas phase (upper trace, 0.35tnesolution)

240 7220 7200 7180 7160 7140 7120 7100

3740 3720 3700 3680 3660 3640 3620
v/ecm™

than in the case of methanol. with jet spectra of ethanol (lower trace, 2 chresolution,
fundamental: 0.3 bar helium, 0.1% ethanol; overtone: 0r9 ba

Table1l Measured band centreswbutyl alcohol monomer (M), helium, 0.3% ethanol)
dimer acceptor (B) and donor ([3) OH stretching vibrations in
cm1

M Da Dy rotational structure in the jet expansion. The gauche manom
Vou 3642.3(2) 3630.4(2) 3497.1(3) vibrational states are split into an upper (u) and lowerefiel
2VoH 7110.6(2) 7085.1(4) 6789.1(4) due to the tunneling motion between the two enantiomeric

gauche forms. This fact, combined with the low resolution
and overlap with acceptor bands of dimers renders the assign
ment of gauche ethanol in the jet spectrum difficult. Howgver

in the room temperature gas phase spectrum, three prominent
Ethanol represents an intermediate case between methehol apeaks can be observed among a rich rotational/hot band struc
t-butyl alcohol in terms of hydrogen bond acceptor quéfity  ture at the fundamental OH stretching position. We assign th
Its spectra are complicated by the fact that the monomaem-inte highest energy peak at 3662.0(1)chto the |— u transition

sity is distributed among two conformers (gauche and trans)and the lowest energy peak at 3655.9(1)¢énto the u— |
Figure 5 shows the ethanol monomer OH stretching fundatransition. Given the ground state splitting of 3.3 ¢t the
mentals and overtones in the room temperature gas phaseat— u and |— | transition can be expected at 3658.7¢m
higher resolution (0.35cmt) and in jet expansions at lower and 3659.2 cm?, respectively. They may both overlap in the
resolution (2 cm?). We find the fundamental OH stretching observed peak at 3658.7(1)chand correspond to the Ra-
wavenumbers of the trans conformer at 3676.6(2)tmnd  man transition observed at 3660cht*. From this data, a

the overtone transition at 7180.6(2)cthin the jet, resulting  decreased tunneling splitting of 2.8(1)cthcan be derived

in an anharmonicity constant ef86.3(2)cnt®. It compares for the first excited OH stretching state. From the above
well to a literature value of 85.0(4) from averaging over-sev wavenumbers the band center of the fundamental would be
eral overtone transitions of trans ethanol in the gas plfase at 3659.0(1)cm®. However, the true centers of the peaks can
The OH stretching bands of the trans conformer show somee expected to be somewhat blue-shifted, as is also apparent

3.3 Ethanol

6| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]



Page 7 of 10 Physical Chemistry Chemical Physics
from the comparison with the cold jet spectra. Therefore we ' ' '
expect the band center of the gauche ethanol fundamental o0
3659.3(4). Until a high resolution verification, these iau QO 627
ble assignments must remain tentative. For the overtorre fou= 0l1'57
features are found in the gauche region. The highest energ .|
band at 7146.2(2)cnt is clearly separated from the others = [
and can be assigned to the-{l u) transition. The other three of -
features are partly overlapping, but the-{uu) transition can 7300 7200 7100 7000 6900 _ 6800 _ 6700
be expected at 7142.9crhand is assigned to the band at ' ' ' ' ' '
7143.1(1)cm?, given the 3.3cm?® ground state splittinty.

For the other two bands we see two possibilities of assign-
ment: a) Assigning the lowest energy band at 7139.0(4Ycm =
to the (u— 1) transition would lead to an expected band po- T;
sition for (I — 1) at 7142.3cm?, which fits with the band
at 7141.5(3)cm? rather poorly. b) Disregarding the lowest
energy band and assigning the-{ul) transition to the neigh-
bouring band at 7141.5(3) cthleads to an expected band po- I 8% A
tsri]tion fort(l — 1) at 7144.8, where no band is observed at all in 37505700 3850 36‘00/ 315‘50 35003250 3200

e spectrum. 7/em™

Neither interpretation provides a satisfying assignment f
the (I — I) transition. Also, b) does not include the fea-

ture at 7139.0(4)cmt, but it would fit better the expecta- X .

. . . e argon, 200 scans) and overtone range (upper: pure helilsf, 34
tion of a furthe,r _d,ecreasmg tunnell_ng splitting; 1.5(.3)Y:1m . scans; lower: helium + 1.5% argon, 1600 scans) Intensitysaff
forv =2. Possibility a) leads to an increased tunnelingtspli ,yertone to fundamental bands are given as fractions. e tr
ting of 4.0(3) cn! — even higher than for the ground state, but onomer (Mrang bands feature some rotational structure, whereas
possible in case of interactions with other vibrationaklsy the gauche monomer bands&l\dcha coincide with dimer acceptor
The anharmonicity constants can be derived from averagingands. The population of the most stable dimer is increaped u
over the respective tunneling transitions (again ackndgde co-addition of argon, thus the overtone of its dongnibration
ing the possible thermal shift) and amountt87.9(5) cntl becomes enhanced and visible in the spectrum, whereaséptac
for a) (band center at 7142.9(7)) and +87.2(6)cm* for band. @ can be distinguished more clearly from transitions of other
b) (band center at 7144.2(8)). While a safe assignment ofPecies.
the gauche OH stretching overtone bands definitely requires
a rotationally resolved spectrum, its anharmonicity cantst

is likely within the —88(1) cn* interval, which we adoptin  overtone band becomes visible at 6860.9(7)&nThe corre-
the following. Again, it is in good agreement with the litera sponding fundamental is at 3531.5(2)¢h This makes the
ture value of 86(1) from averaging over several overtong-tra donor vibration intermediate in its hydrogen-bonded funda
sitions of gauche ethanol in the gas pH&seThe observed mental red-shift from the monomer (127.8(4)cly its an-
gas phase bands are seen in the jet spectrum as broad featui@$monicity constant-{(101.1(4)cm) and its overtone in-
overlapping with each other and with the dimer acceptora#ibr tensity loss (400(100)-fold) between methanol &ty al-
tions. However, the intensity ratios between the fundaalent cohol, as one would expect. In the expansion of ethanol
and the overtones can be estimated from curve fitting the jefith pure helium one may optimistically try to assign dimer
spectra at identical expansion conditions to be 5(1) farstra donor bands to features of a signal to noise ratio near tg.unit
and 5(2) for gauche ethanol monomer, again lower than therhis leads to large error bars for the spectroscopic cotsstan
gas phase average over all conformers of 7.5(4) as can be seen for the donor vibration in the most stable
There are at least four distinguishable dimer conformationdimer givingXon,on = —101(1) cm! and an intensity ratio
in helium expansions of etharfdl This makes the detection of 400(200). For the donor of the second most stable dimer
of the corresponding dimer overtones very challenging (se&hich was attributed to the fundamental at 3547.3{3his
Fig. 6). We succeeded by adding a trace of Ar as a relaxwould give an anharmonicity of 100.2(6)cm® and a fun-
ation promotor which favors the global minimum structure damental/overtone intensity ratio of 400(200), when a weak
of the dimef4, a homochiral double-gauche structure with feature at 6894(1)cnt is assigned to it. Other conform-
weakly attractive secondary C-HO contacts. By collecting ers of ethanol dimer contribute to the fundamental signal at
most of the dimers in this conformation, a very weak donor3539.4(3)cm'?4and their overtone transitions may be found

=
—

)
S
—

Fig. 6 Spectra of 0.3% ethanol in 0.9 bar expansions in the
fundamental (upper: pure helium, 100 scans; lower: heliulx6%6

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |7
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in the 6879(3) cm! region. Again, trimer overtone bands are  The effect of fluorinatioA23 can now be assessed. The
not observed and should have a fundamental/overtone intemlectron-withdrawing effect of the fluorine leads to a digh
sity ratio of at least 800. decrease in anharmonicity in the monomer and also in the

The Ar relaxation also makes the dimer acceptor OH fun-dimer. Monomer and dimer acceptor overtones are weaker
damental and overtone transitions visible, although the#n-  than in non-fluorinated compounds, relative to the corredpo
sity is difficult to quantify. The gauche acceptor of the mosting fundamentals, due to subtle ©HF interactions. The in-
stable dimer has been assigned at 3654'cand the trans tensity effect in the donor OH bands is not significantly en-
acceptor of the second minimum structure at 3672t# hanced. It would be interesting to study overtones of weak
We find the gauche acceptor bands at 3653.3(5)cand  intramolecular OH hydrogen bonds with our technique. Such
7130.3(7)cm?. They feature slightly increased values both systems have been studied before with much more sensitive
for the anharmonicity of-88.2(6)cm® and for the fun- techniques in the room temperature gas pfdeaut it could
damental/overtone intensity ratio of 6(3), relative to thebe instructive to see how much jet cooling affects the band
monomer. The trans acceptor bands of the second most steenters and band intensities. For strong intramoleculdrdyy
ble dimer appear as a shoulder on the trans monomer bandsgan bonds such as in didfs a heated nozzle will probably
3670.4(4)cm?! and 7170(2) cm! in the He expansion with- be required because the associated compounds are typically
out addition of Ar. Within error bars, the trans acceptor an-not very volatile. A disadvantage of such intramolecular hy
harmonicity constant agrees with that of the trans monomeidrogen bonds is that one typically cannot compare in a direct
However, it seems to have an increased intensity ratio 9f 8(4 way to the non-hydrogen-bonded reference. Non-resonant UV
Again, anharmonicity constants from an OD-analysis prove t ionization of laser-excited overtones has the potentiaa of
be unsatisfying, especially for the dimer doffor much higher sensitivity also for non-aromatic alcoR8lsSo

far, it seems to have been applied predominantly to aromatic
. . . monomers?, but not to non-aromatic alcohol dimers. An ad-
4 Discussion and Conclusions vantage is that the high sensitivity makes higher overtones

) _easily accessible, whereas the present technique is tlyrren
Table 2 compares the subtle overtone trends with alkylationiteq to second overtones of monomers. Smaller molecules

among which the intensity trend is the most pronounced, de;nq cjysters definitely profit from higher resolutfnbut the
spite being the least precise experimental quantity listéde 5 .11 regojution employed in this work is sufficient for the

table. We can now firmly state that an alcoholic O¥DH hy- 51c610) dimers due to their fast vibrational redistribatiand
drogen bond increases the donor OH anharmonicity constarp]qgh density of states.

by 15-18%, whereas even the subtle cooperativity in a nitro-

S ; - Matrix isolation techniques are seen to be quite reliable in
gen matrix raises this anharmonicity enhancement wellcabovthe determination of overtone intensity and frequenc o
20%. Due to the accompanying dramatic loss in intensity, it y q )

; : ) . : in alcohol dimers, although one must expect some overesti-
is not possible to follow this alkylation trend up to trimens . ; S .
: mation of the dimer anharmonicity in strongly perturbingma
larger oligomers. Even the weakest hydrogen béhésare : . 9
. ) . trices and one must be able to correlate site splittingseén th
able to double the fundamental/overtone intensity ratieg-R .
X two spectral ranges, which can be of the same order of mag-
ular hydrogen bonds lead to an increase by about one to two. g . oL
X . nitude as the anharmonicity constants. Site splittingsbzan
orders of magnitude and it can be safely concluded that coop-. . " . ) .
. L : I minimized inp-H,, whereas Ne provides the smallest shifts
erative hydrogen bonds in trimers, even subject to ringstr

increase the fundamental/overtone ratio by two orders gFma from the gas phqse, often_wnh ono.S.'t(.a sign of thosg n Ar
nitude or more. or N,. Due to their much higher sensitivity, these matrix iso-

lation techniques are broadly applicable, but it was imgoatrt
Table2 Overtone data on the alcohol dimer donor OH stretching {0 validate their results in the present vacuum isolation ap

vibrations (from left to right): diagonal anharmonicityrsiant in proach, before using them to judge the performance of theo-
cm1, relative increase of anharmonicity compared to the momome retical methods which typically do not include the effectof

and decrease of overtone intensity compared to the fundaimen environment.

transition. The errors of the values are given in parenthese This brings us to the key motivation of the present work,

: namely to assess the reliability of approximate anharmonic
J ln(ﬁ)‘f’ treatments for hydrogen bond-induced changes in the fre-

Dy XCD)?-LOH Vo2 . . . . .
XOH,0H X on | In('—o)dD guency and intensity of OH stretching vibrations. Full-
vor_\'Dd dimensional variational treatments are still out of reamtel-
Methanol —99.2(4) 1.15(1) 0.0031(9)  cohol dimers. By concentrating on the diagonal anharmtnici
Ethanol —101.1(4) 1.15(1) 0.0024(7)  effect, 1-dimensional treatmerts34 may already be useful.
t-Butyl alcohol —102.6(4) 1.179(5) 0.0010(4)

However, they cannot predict the anharmonic hydrogen bond-

8| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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induced red-shift of the fundamental vibration, as we vék s
For this, second-order perturbation theory appears to &e th
simplest approach with some promi8e Therefore, we pro-

vide a few exploratory results based on the latter in the/ ESI

using the recent implementation by the Barone grddf

In summary, these results indicate that the intensity satio

12

13

14

and OH anharmonicity trends are captured quite satisfiactor 15
However, the OH stretching frequency shift upon dimerarati

inclusion of anharmonicity still does not recover the exper 18

imental results. To fully understand whether the systemati

failure of vibrational perturbation theory to reproduce #x-
perimental OH vibrational hydrogen bond shift in methanol,,,
dimer is due to residual electronic structure deficientiesr
dueto the perturbational treatment of the coupling betwleen 21
OH stretching mode and hydrogen bond librations (or both),

the latter should be characterized experimentally for pinis
totype system in the far infrared region. Work towards this,,
goal is under way. For the time being, we have experimentally

shown that vibrational perturbation theory is quite rekain

describing the increase in (diagonal) OH bond anharmagnicit

19

22

24

due to hydrogen bonding in alcohol dimers. For the decreas®
in overtone infrared intensity, this is at least qualiteljwthe
case. All this has been anticipated by Sandbrfy

26
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