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The energy difference between the gauche and trans structures of ethanol is determined at the CCSD(T)/
aug-cc-pVTZ level. Five classes of dimer structures exist due to the two monomer conformations. In a
systematic way 600 structures were generated as initial structures for the dimer geometry optimization. On
the MP2/6-31%+(3df,2p) level the following minima on the potential energy surface were found: 10
conformations with oxygen as the proton donor and 14 conformations with only carbon as the proton donor.
Saddle points and barrier heights of five rearrangement reactions were calculated on the MiP2(B-31

(2d,p) level. The consequences of these rearangement reactions are: only six conformations of the ethanol
dimers exist with oxygen as the proton donor and at low temperatures some conformations with only carbon
atoms as the proton donor may be stable. A qualitative agreement exists between the experimental OH stretching
spectrum and the corresponding calculated spectrum by use of the double harmonic approximation.

1. Introduction (2d,p), and MP2/6-31+(3df,2p) levels, whereby sets of five

d bonded clustérsl . lei d-type and seven f-type polarization functios were used. The
_Hydrogen-bonded clustérplay an important role in many anq ang gauche monomer structures were optimized also with
fields of chemistry and biochemistry. They have received much CCSD(T)/aug-cc-pVTZ method: here aug-cc-pVTZ is the

attention in recent literature. Small and medium-sized ClUSters ;o nented correlation consistent polarized valence triple basis
are recognized as ideal model systems for the study of solvationg ' Dunning°All MP2! calculations were carried out with
phenomena. Especially alcohol represents an important role iny . ~ayss|AN 98 progrart? and the CCSD(T) calculatiokis?s
solvent-solvent interaction. were performed with the MOLPRO suite of progranifnsn

In contrast to methanol clusters up to now only a few \ygrkstations of the Abteilung fuTheoretische Chemie at
theoretical investigations have been performed for ethanol Gattingen.

complexes:3 Ehbrecht and Huiskéncalculated three dimer

(Dy, Dy, and Qyg) and three trimer conformations derived from 3. The Ethanol Monomer
the experimental monomer geometries of Alagona and®Tani
and of the intermolecular pair potential of JorgenSétfere the
subscript t means the trans monomer and the subscript g means™ . .
the gauche monomer. The gauche structure is favored by aeq_uwalgnt gauche monomersqMiue to the wo pOSS|_bIe
statistical factor of 2. Gorifes et aP determined on the B3LYp/ ~ °orentations of the hydroxyl group. These two enantiomer
6-311-G(3df,2p) level four dimer structures ¢PDyg, Dgt, and gauche structureg are in the folloyvmg denoted @§Md. Myz.
Dgg). Here Oy means that the donor is a trans and the acceptor Up to now no reliable values exist for the energy difference
a gauche conformation, and foryDt is vice versa. However, between Mand M, and the barrier heights between &hd M

it is argued that up to nine enantiomeric pairs of stable ethanol and between the two gauche structureg kind Mﬂ: The
dimer conformations may existdaber et al and Provencal et calcu_lated yalues with and without Zero point correction (ZPC)
al* have measured the OH stretching vibrations of jet-cooled are listed in Table 1. The most reliable results are for the

. he-trans barrier, 3.9 kJ mol, and for the cis barrier
ethanol. By means of MP2/6-3%15(d,p) calculations for four gauc ’ Y
dimer conformations a first attempt for the interpretation of the (barrier between i and Myy), 4.6 kJ mat, bOth on the CCSD-
spectrum was performed by Provencal et al (T)/avtz/IMP2/avtz level. Due to the low barrier height and the

It is our intention to obtain all most stable ethanol dimers low mass of the hydrogen atom, tunneling takes place between
because reliable information about the properties of {Ci- all three monomers. For the relevant small energy difference
OH), can be achieved only in this wa go g svstematic search between the trans and gauche structutdsy, different results
is nécessary Further impyortant rear)r/éngeme}rln reactions mus{rom the MP2 and the CCSD(T) calculations are obtained. With
be investigated for finding the stable conformations of the he CCSD(T)/aug-cc-pVTZ method we gaky = 0.522 kJ

ethanol dimers and for the interpretation of the spectrum mol %, this is up to now the most accurate theoretical value.
P P ) With the inclusion of the zero point correction (ZPC) calculated

on the MP2/6-31%+(3df,2p) level, AEy reduces to 0.514 kJ

mol~1. This is in an excellent agreement with the experimental
Geometry optimization of all intermolecular and intra- Vvalue of 0.493+ 0.06 kJ mot* of Kakar and Quad¥.

molecular parameters was performed for all analyzed conforma- - . . .

tions of the ethanol dimer at the MP2/6-31G, MP2/6+34- 4. Binding Energies and Geometries of the Dimers

According to the three monomer structures, Mg:, and My,

T E-mail address: vdyczmo@gwdg.de. Fax numbe#9-551-393144. five different classes exist for the dimers of ethanol: (1) The

Three minima exist on the potential energy surface (PES)
or the ethanol monomer: one trans structure and two

2. Computational Details
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TABLE 1: Rotation Barriers (kJ mol ~1) of Ethanol

gauche-trans cis barrier Egauche™ Etrans

method with ZPC with ZPC with ZPC
MP2/6-31-+(2d,p) 4.093 2.591 5.501 4.154 1.189 1.189
MP2/6-31H+(3df,2p) 3.613 2.158 4.852 3.568 1.178 1.045
MP2/avtz) 3.882 4.552 3.294 0.902 0.894
CCSD(T)/avtz//MP2/avtz 3.929 4.550 0.517 0.511
CCSD(T)/avtz 0.522 0.514
exp 0.493

2avtz means the aug-cc-pVTZ basis of Dunnii§.”? The ZPC was taken over from the MP2/avtz calculatfokiakar and Quad¥’.

combination of two trans monomers is denoted with D gt conformers, and = O to the gg and gga conformers. The
according to Gondas et af Because we only consider dimer relative energies with respect to the global minimum gg1l are
structures in this work, we use the abbreviation tt. (2) and (3) then

the combination of one trans and one gauche structure, tg or

gt. Here the first symbol corresponds to the donor molecule. AE = E(ggl)— E(Dj) = E,(991)— E.{j) + i (E(M,) -

(4) and (5) two different combinations of the gauche structures E(M,)) i=0 1.2
Mg and My We denote gg for the combination of the ¢ Y
monomers N with Mg or Mg, with Mg, (homochiral) and gga

for_ the combinations M W'th. Mgz or Mg W'th Mg (hetero- MP2/6-31H+G(3df,2p) results but for the energy difference
chiral). For each conformation an enantiomer structure also between gauche and tran€, we make use of the zero point
exIsts. . . corrected CCSD(T)/avtz value of Table 1.

To get all relevant dimer structures, the foI_Iowmg strategy The length of the hydrogen bonds, where oxygen is the proton
was used for each pf the four classes t, tg (g_t Is here .'n.C|Uded)’d0nor is qualitatively a good measurement for the magnitude
ggo?(;liia%gas- s\:\elzfnfl)'l('hoengﬂ?értkrheorr::)ﬂgrr?:rslalgetjhﬁnotrr:gelnocgiti/eOf the binding energy. One remarkable result is the following:

Sy - P P All conformations in Figure 1 have one relativly strong hydrogen
and negative coordinate axes. For the distance between theoridge (HB) with an O atom as proton donor (HB(O)). These
?r::\gﬁl);e%ergﬁlr:ric:ntgi t\;\éc; E%nsg:sg 59505 f8ga2ﬁgozs$g' For strong HB(O) determine mainly the distance of the monomers

Y ! g and the OH--H angle. Additionally, one or two weak HB exist

were taken. Altogether one obtains 576 initial structures. In a with C atoms as the proton donor (HB(C)). This can be seen
first step geometry optimization at the MP2/6-31G Ievel_ ended from the large average length of 2.87 A forl the strongest HB-
::noz\%eftgglgorf%rp;ﬁgggg:gst' t:‘l?\ﬂslfzc /%r_:gfé?g dwe) ?eb\}:;nzd 43 (C) bonds. The average bond length of those conformations that

g P . have only HB(C) bonds (see Figure 2) is only 2.53 A. These
harmonic frequency check reduced the number of “conforma- weak HB(C) determine only the angle of rotation about the
tions” to 26. This shows drastically the risk to search minima corresponding OH-H hydrogen bonds. So one expects small
of the PES for floppy systems with small basis sets and without rotation barriers for the rotation about.the HB(O) bonds
a control of imaginary frequencies. From these 26 conformations Dimers of ethanol that have only HB(C) bonds are in;/esti-
12 have oxygen as proton donor and for 15 conformations gated for the first time. In the first optimization procedure on

carbon is the proton donor. In a last step, optimization on the .
L the MP2/6-31G level about 30% of the obtained stable structures
mzZID/GE-g%[g;‘f3df,2p) level reduced the number of minima on were of this type. Altogether, 14 minima on the PES were found.
oo The HB(C) binding energies are surprisingly large. Cooperative
The optimized structures on the MP2/6-33(3df,2p) level effects are mainly responsible for this. The binding energies

T L B e B e tyon th P2l 1+ G ) evel e bt 7.1 and 12
andp3 At first we F(Jjﬁjscuss thgose conformations with an O atom kJ mol%. Also with the inclusion of the zero point energy 6
i conformations have binding energies larger than 6 kJ fnol

as the proton donor listed in Table 2. All of them hate -
) S N So for very low temperatures some of them may exist. The
symmetry. The listed binding ener@(j) (j = 1-10) of the conformations withC, and C; symmetry are the most stable

Sgﬂeé(g_;sggg iot“sﬁgrelﬁfa?nﬁawe;g:g?ni?srlg\%gfl\t/zfa conforma- ¢onfomers. For the most weakly bonded conformations it holds
] pp 9 1 ’ that only one oxygen atom is incorporated into the HB(C)'s.

For getting more reliable results we take for g values the

B =E(D) —EMy) —EM;)  j=1710 (1) 5. Some Rearrangement Reactions
The energy gaps are relatively small, with maximum 3 kJvhol To investigate the stability of the ethanol dimers, both
The energetic sequence of the six most stable conformations istunneling processes and rearrangement reactions must be
the same for the MP2/6-3H-G(2d,p) and the MP2/6-3#1+G- analyzed.

(3df,2p) method. Conformation gg2 is a minimum of the PES A necessary condition for successful tunneling is that the
only on the MP2/6-31+G(2d,p) level. The conformation ggl  quantum levels are close together in the reactant well and in
has the largest binding energy. Conformation gg1 is the global the product well, because otherwise the intensity of thermal
minimum in contrast to previous calculatiohs. According to fluctuations is too low to be effective. The monomers of ethanol

(1) the absolute energy of a dimef 3 given by have low tunneling barriers (see Table 1) and, of course, the
) wells are the same or similar for educt and product. Tunneling

E(Dj) = Eyi) + E(M) + E(M) =Epe + ZE(Mg) + therefore takes place. The same is true for those conformations
i«(E(Mp) —EMy)) 1=0,1,2 possessing an O atom that is not involved in hydrogen bonds.

This is true only for the weakly bonded conformations of Table
Herei = 2 corresponds to the tt conformerss 1 to the tg and 3.
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tg2 (AE = 3.23)

gt3 (AE =2.04) gegl (AE = 0.00)

ggal (AE =0.78) gga2 (AE =1.63)

Figure 1. : Dimer structures with oxygen as proton donor calculated at the MP2/6-8GK3df,2p) level. Binding energies with respect to the
appertaining monomers in kJ méland distances in A.

28],

cttl

cggl cgg2 cggal

Figure 2. Six most stable dimer structures with carbon as proton donor calculated at the MP2/6-G{3df,2p) level. Binding energies with
respect to the appertaining monomers listed in Table 3; distances in A.

For all other dimer structures tunneling of a OH group breaks starting from a stable conformation, the new structure generated
at least one hydrogen bond. This increases the barrier to rotationby a tunneling process must be “close” to the geometry of a
If the product well has a higher energy than the zero point level more stable conformation. This is not the case for all investigated
in the reactant, then tunneling is impossible. This means: conformations.
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saddle point gtl’

Figure 3. Rearrangement reacti@gi2 — gtl'. Heregtl' is the enantiomer ofitl. The barrier height at the MP2/6-3%G(2d,p) level with the
inclusion of the CPC and ZPC is0.21 kJ mot.

J

gt3 saddle point gtl

Figure 4. Rearrangement reactigi3 — gtl. The barrier height at the MP2/6-3%G(2d,p) level with the inclusion of the CPC and ZPC-8.19
kJ mol™.

TABLE 2: Conformations with an O Atom as Proton Donor TABLE 3: Conformations with Only C Atoms as Proton
[Binding Energies with Respect to the Corresponding Donors [Binding Energies with and without Zero Point
Monomers with and without Zero Point Correction and Correction and Deformation Energies €4, kJ mol=1)]
; . 4
Deformation Energies Eq, kJ mol™)] MP2/6-3t-+G(2d,p)  MP2/6-313+G(3df,2p)
MP2/6-3H-+G(2d,p) MP2/6-313+G(3df,2p) conf sym with CP@ with CPG  with AEzp? Eg

conf with CP@ with CPC withZPC® Eq AE° ottl C 122 79 —127 96 75 0.19
ttl  -282 —225 -—286 -241 —19.0 026 067 ct2 G —124 -80 -134 -95 -71 012
tt2 —-26.3 -205 —27.4 -226 —17.8 0.68 1.82 CTT3 G -92 -58  —95 71 —55 016
tgl  —288  —231 -—290 -248 -19.7 062 056  CTGl C -119 -8z -129  -98 —78 028
tg2  —265  —21.6 —266 -—224 —170 061 323 92 G 100 —65  -102 -8 —60 017
gl 292  -233 -207 -251 -198 057 038  J9 T 99 o2 TA9s It 0%
gz -270 -206 —27.9 -230 —17.9 0.64 2.27 gtg 1 & _itor  —1o6 -158 129 o8 o3
gt3  -269  —-210 -276 -229 —182 0.61 2.04 0332 < 19 T82 132 o9 77 oo
ggl —302  —-244 —307 —262 —20.8 0.59 0.00 c003 & 162 66 _loa  —79 63 o017
(9g2) —274  —223 cggd Ci -10.1 66 104 -79 62 013
GGAL =295 ~ —239  —296 -252  —200 061078 o401 ¢ -158 110 -161 -126  -101 042

aIncluding counterpoise correctiohThe zero point correction is ~ ©99a3 Ci =98 —64 -100 75 —59 017
calculated at the MP2/6-3i+(2d,p) level by use of harmonic a|ncluding counterpoise correctiohThe zero point correction is

frequencies® Relative energies with respect to the global minimum  calculated at the MP2/6-3%+(2d,p) level by use of harmonic
g9l here the energy difference between the trans and the gauchefrequencies.

conformations calculated at the CCSD(T)/avtz level is included.
pair of the acceptor O atom to the other one. So a larger barrier

Due to the floppy nature of the dimers of ethanol the height is expected. With the same procedure we obtain 3.14 kJ
calculation of the minima of the PES is not sufficient for the mol~ for the barrier height; with the CPC 2.35 kJ mbhnd
search of stable conformations. Important rearrangement reac-with inclusion of the ZPC one obtains 1.26 kJ mbolSo it is
tions must also be analyzed. In the following we use for all suggested that conformation gga is stable for low temperatures.
reactions the MP2/6-3#+G(2d,p) method together with the Of interest is also the rearrangement reaction between
inclusion of the CP& and the ZPC. different classes. As an example we take the reactior-ttft1

At first we will examine those rearrangement reactions (see Figure 6). We get for the barrier height 3.80 kJthahd
between “conformations” of Figure 1 where a rotation about with adding up the ZPE one gets 3.37 kJ mfoFor the reaction
the OH--H HB takes place. We investigate the following gtl— ttl the barrier height with the inclusion of CPC and ZPC
rearrangement reactions: gt2 gtl and gt3— gtl. They are is 2.89 kJ motl. The difference of 1.2 and 0.73 kJ md|
presented in Figures 3 and 4. Here only weak HB(C) are broken.respectively, from the gauchdérans barrier (see Table 1)
Please notice that in Figure 3 the product’ gifithe reaction demonstrates the weakness of the HB(C) bonds of the confor-
gt2— gtl is the enantiomer structure of gtl. The barrier heights mations tt1 and gtl. It is concluded that the most stable
are 0.52 and 0.05 kJ md, with the CPC 0.34 and 0.01 kJ  conformations of each class are stable at low temperatures.
mol~?1, respectively. Adding up the zero point correction (ZPC) In a last step we have to analyze whether some of those
one obtains-0.21 and—0.19 kJ mot®. Thus the “conforma-  conformations that have only HB(C) are stable. Here we have
tions” gt2 and gt3 are not stable. It is plausible that analogously analyzed the rearrangement reaction ett2t1 (see Figure 7).
the “conformations” tt2 and tg2 are also not stable. This complex reaction is composed of two steps: first, a shifting

Next we consider the rearrangement reaction ggaggal of the right monomer downward and forward, and then a turning
presented in Figure 5. Here the situation is more complex. The about the OF+H HB. The barrier height is 1.46 kJ mdland
reaction path does not correspond to a simple rotation aboutreduces with the inclusion of the CPC and ZPC to 1.01 and
the OH--H HB. Additionally, one has to move from one lone 0.39 kJ mot?, respectively. From this we assume that for low
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1938 : ? G
K/e—
Ty

gga2 saddle point

Figure 5. Rearrangement reactigga2— ggal The barrier height at the MP2/6-31G(2d,p) level with the inclusion of the CPC and ZPC is
1.25 kJ mot?.

ttl saddle point gtl

Figure 6. Rearrangement reactidtl — gtl calculated with the MP2/6-3t+G(2d,p) method. The barrier height with the inclusion of CPC and
ZPC is 3.37 kJ mott and for the reverse reaction 2.89 kJ ol

ctt2 saddle point ttl

Figure 7. Rearrangement reactiatt2 — tt1. The barrier height at the MP2/6-3%G(2d,p) level with the inclusion of the CPC and ZPC is 0.39
kJ mol™.

temperatures some conformations, especially cggal and cgglJABLE 4: Frequency Shifts (cm™?) of the OH Stretching
may be stable Vibrations of the Ethanol Dimer Due to the OH Stretching
' Frequency of the Trans Monomer Calculated with the

. : - , ities (k i
6. Spectrum of the Red-Shifted G-H Stretching Modes Mp2/é-31t 1 G(2d,p) Method [IR Intensities (km mol™) in

Parentheses]

Infrared cavity ringdown laser absorption spectroscopy was conform type red shifts type blue shifts
performed by Provencial et &lfor the study of jet-cooled it t —169.0 (494.8) t 14.3 (47.9)
ethanol. Strong bands were measuredsat= 3531.2,0, = t2 t —145.7 (390.4) t 10.9 (46.7)
3539.5, and; = 3547.5 cmi! for the red-shifted donor stretches tgl t —170..9 (487.2) g 22.6 (37.1)
of the dimers. The detection of these three bands suggests that 192 t —165.0 (566.6) g 24.5(39.4)
at least three dimers were present in the molecular beam. gtl g —169.8 (418.9) t 15.3 (47.9)

For comparison with experiment harmonic frequencies of the gg 9 :igg'g 8328 E g'g Eﬁ'gg
OH stretching modes were calculated. We obtain 10.92'cm ggl g ~173.3 (403.8) g 24.2 (37.6)
and 9.96 cml, respectively, for the differences between the ggal g —178.8 (432.7) g 24.0 (37.4)

harmonic OH stretching frequencies of the monomersaii gga2 g —159.3 (444.0) g 22.4(39.6)
Mg at the MP2/6-3++G(2d,p) and MP2/aug-cc-pVTZ levels.  tgl, and gtl. This holds also for the appropriate saddle points
The corresponding experimental harmonic and anharmonic of Figures 3 and 4. Therefore it is expected that also these new
values of Fang and Swoffofdlare 14 and 16 cmt. The conformationsttl, tgl, andgtl have slightly smaller shift
appropriate differences of the stable conformations tt1 and tglyajues. As a rough estimate we take as first fit parameter a
on the one side and gtl, ggl, and ggal on the other side argeduction of 3 cm for the shift values of these conformations.
much smaller (see Table 4). To get a theoretically predicted spectrum, a scaling parameter
Due to the floppy nature of the dimers of ethanol, care must \yas chosen in such a way that the calculated line of conforma-
be exercised to compare theoretical and experimental valuesijgn ggl has the frequency, = 3539.5 cntl. Additionally,
One reason for this floppiness is the absence of saddle pointspne needs the abundances of the six stable conformations in
between tt1 and tt2, tg1, and tg2 and between gtl, gt2, and gt3.the molecular beam. The experimental values depend in an
One has to take new conformatiott, tgl, andgtl between essential way on the carrier gas used. For He as carrier gas one
them but near to the conformations tt1, tgl, and gtl. The obtains for the three strong lines nearly the same values (see
structures tt2, tg2, and gt3 have significantly smaller shift values Haber et af and Provencal et ). Yet with an Ar admixture
(see Table 4) than the corresponding stable conformations ttl,(see Suhm et &P) the low-frequency peak={v;) dominates
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|Relative intensity Provencal et a: (1) The three calculated maxima are close
together. (2) The intensities of these maxima are roughly the
same. (3) The blue-shifted line (gga2) has a negligible intensity.
At a first glance the accordance between the experimental and
the calculated OH stretching spectrum is excellent, yet the
caculated lines are closer together (roughly by a factor of 2/3).
This rapid cooling process (case 1) is shown in Figure 8; hereby
the half-width value of 3.0 cm' was taken.

For the other limiting case 2 (full Boltzmann distribution for
T, = 150 K) the accordance with experiment is poor (see Figure
8 broken line). So a rapid cooling process seems to be more
plausible.

For an Ar admixture up to now no agreement with experiment
(Emmeluth and Suhff) could be gained. So further investiga-
tions are desirable.

-

0.8

0.6 1

0.4 .
7. Conclusions

For the first time a systematic search for all minima on the
PES of the dimers of ethanol were performed with the MP2/
6-31G, MP2/6-3++G(2d,p), and MP2/6-31t+G(3df,2p)
methods. The number of the minima depends stronly on the
used basis set. In this case also the MPBG++G(2d,p)
method is not suitable for getting stable structures. Calculation
of the barrier heights of five rearrangement reactions shows that
of the 24 minima on the PES probably only 6 structures are
stable at low temperatures. The global minimum is a conforma-
tion of the gg type, in contrast to the results of earlier

vibrations of the dimers of ethanol, whereby the half-width values of Egmgztr']otﬂse' ;glséfnce?lézlziﬁg g]n%fzgtn?grﬂ];frggrvgvgsTai::irllgte:a d

3.0 and 0.3 cm! were taken. Curve 1 represents the rapid cooling case |, ; .

with a frozen in temperature of 200 K, and curve 2 (broken line) the 1N this work more precisely (CCSD(T)/avtz method). The

limiting case of a Boltzmann distribution at 150 K. calculated harmonic frequencies of the red-shifted OH stretching
mode are in a qualitative agreement with those measurements

under more efficient collision conditions. So the situation is using He as carrier gas: (1) It was possible to assign the three

complex. We propose two different limiting mechanisms: measured lines to the calculated six stable conformers. (2) The

(1) The abundances of our dimers are mainly determined by calculated intensities correspond qualitatively with the experi-
the abundances of the monomers at their formation temperaturemental one’s. Yet the calculated lines are by a factor of two-
T.. For the ratio of the abundances ofgMo M; a = 2- thirds closer together than the measured bands.
exp[—0.514/0.00831%,) is taken (see Tabel 1). No Boltzmann For the measurement with Ar admixture up to now no
distribution is taken into account for the six stable conforma- explanation for the domination of the low-frequency peak was
tions. This is plausible for a rapid cooling in the nozzle because found.
the barriers of the corresponding rearrangement reaction are high
and because one needs often two rearrangement reactions to Acknowledgment. | thank Prof. M. A. Suhm for helpful
come from one conformation to the other (ggtt) and (gt~ discussions and Dr. R. Oswald for his help with computer
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