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Abstract: The gas-phase molecular structure and-agéiuche composition of ethane-1,2-diol (ethylene glycol) at

376 and 733 K has been analyzed from electron-diffraction data augmented by rotational constants for eight isotopic
species and with the help of results from ab initio calculations. The system model consisted of three conformers,
g Ga, g Gg, and aAa, which were found to provide a good representation of the 10 possible different conformations.
Scaled quantum-mechanical (SQM) force fields in internal coordinates were also evaluated for these three conformers
using a set of 13 scale constants determined by a least-squares fitting of the theoretical (HF/6-31G*) force constants
to observed wave numbers for the most abundant conform&ag The mole fraction of conformers with amt

gauche OCCO torsion anglese( aAavs.g~Ga+ g-Gg) was found to be 0.08 ¢2= 7) at 376 K and 0.18 @=

11) at 733 K, under conditions in which the mole ratios oGg to g Gg were maintained at the theoretical predictions

of 0.58-0.34 (376 K) and 0.490.42 (733 K). An estimate of the internal energy differenc\i® = 1.4 (5)

kcal/mol for the reaction G> A and may also be taken as a rough value for the energy of thE-Q0 internal
hydrogen bond. The value is consistent with estimates made in like fashion for other types of hydrogen bonds in
1,2-disubstituted ethanes. Average values of some of the more important param@&rsi,/deg) with estimated

20 uncertainties at 376 K for the conformers@g, g Gg, and aAa, respectively, arC—C) = {1.517, 1.521,

1.51% (5); r(C—0) = {1.424, 1.424, 1.424(1); r(O—H) = {0.961, 0.962, 0.960(8); r(C—H) = {1.118, 1.117,

1.118 (6); ICCO= 109.3 (4), 111.2 (7), 110.5 (30)jCOH = 105.8 (27), 108.2 (21), 109.6 (21JLICCH,OCHJ

= 109.1 (10), 108.0 (11), 110.5 (21);OCCO= 60.7 (18), 57.5 (30), [180]. Values in curly brackets were refined

as groups with differences between members frozen.

Introduction the exception of the difluoro compound, all the 1,2-dihaloethanes
1,2-Disubstituted ethanes exist in the gaseous state as aelthgr with like or unlike substltutgnts are predgmlnately anti.
Since OH groups have both high electrogativity and strong

mixture of gauche and anti forms that result from internal - X
rotation around the €C bond. The gauche forms are always ydrogen-bonding properties, the more stable form of the

the more stable when the substituents tend to form strong Molecule ethane-1,2-diol (ethylene glycol, Figure 1, hereafter
(internal) hydrogen bonds or when both substituents are very EG) 1S predicted to have the heavy atoms in a gauche
electronegative-a phenomenon known as the “gauche effact”. cpnforr_natlon. It was S_hOV_V” to be so by an _early elect_ron-
Typical examples where both factors play a role are 2-fluoro- diffraction (GED) investigatiohof the gas in which only this
ethanot and ethylenediaminggach more than 80% gauche at OfM was detected and by IR spectroscopic studiésnatrix-
room temperature. However, in room-temperature 1,2-difluoro- isolated molecules. The matter of internal hydrogen bonding

ethané where internal hydrogen bonding cannot exist, the in the gauche arrangement of the EG skeleton, of course, also
gauche form is still the dominant one at about 95%. With pairs INvolves torsions around the two-0 bonds. Because of the

of less electronegative substituents the gauche effect is largely'¢latively weak scattering from the torsion-sensitive terms
absent and the influence of steric factors is felt more strongly; Ho'**C, the GED study just mentioned provided no information
in such cases the relative stabilities of the gauche and anti forms2P0Ut the positions of the gtatoms. However, the IR work
reflect the interplay between steric repulsion which favors anti dentified two different hydrogen-bonded conformers that we

and internal hydrogen bonding which favors gauche. Thus, with MY charactize as“ga and gGg, where upper/lower case
letters refer to rotations aboutC/C—0O bonds and a positive

T Present address: Chemistry Department, Western Oregon University,sign designates counterclockwise motion of the forward group
Monmouth, OR 97361.
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Figure 1. Diagrams with atom numbering of the three conformers Theoretical
comprising the model of ethane-1,2-diol. /\ /\ /\

several isotopic species of the conformer&g and gGg. For

g~Ga these species are the undeuterated parent (OE@id), piference
monodeuterated OHOD and ODCOHhe dideuterated ODOES, ! | |

and the dideuterated GED, and CQCHy;!! for g~Gg they 0 10 20 30 40

are the dideuterated species £, and CQ:CH,.!t There are s/A

also optimized structures and energies from ab initio calcula- Figure 2. Intensity curves from the lower temperature experiments.
tions7:12.13 The long and middle camera curves are in the fetimand are shown

Rotational isomerism in simple organic molecules has been amplified by a factor of five relative to the backgrounds on which they
the subject of many experimental studies from this laboratory. are superimposed. The average curvesiafk — bkgd]. The difference
The main interests have been the energy and entropy difference§UrVes are experimental minus theoretical.
of the conformers (which may be explored by measurements
of the temperature dependence of the conformational equilibria) Ethane-1,2-diol
and the implications these hold for chemical properties such as
those mentioned above. EG is especially interesting because
of the absence of measurable amounts at room temperature of
conformers with the heavy atoms in an anti arrangement. 733K
Several years ago we attempted to generate measurable amounts
of this form at higher sample temperatutésut even at 460
°C only an uncertain 510% was indicated. We have now
reanalyzed the data from the original experiments with the use 376K
of a more elaborate model and the sets of rotational constants
mentioned above; the latter are of particular value in helping
to determine the CCOH torsion angles and other angles
involving hydrogen atoms that are difficult to measure by GED. T T e AR AN
As before, the object of the work was to obtain precise
experimental values for the parameters of the several important e Hoeed L, I vvvvv T A
forms of EG and an experimental measure of the relative
amounts of the hydrogen-bonded and non-hydrogen-bonded L r I ,II,.,l..I ey

Experimental

Distance distribution

forms. In pursuit of the objective we have obtained optimized U TP %0 ence
structures for all conformers at the ab initio HF level and carried
out normal coordinate analyses leading to quadratic vibrational 73K
376 K

(8) Christen, D.; Coudert, L. H.; Suenram, R. D.; Lovas,JFMol.
Spectrosc1995 172, 57. - T T |

(9) Caminati, W.; Corbelli, GJ. Mol. Spectrosc1981 90, 572. 0 1 2 . 3 4 5

(10) Walder, E.; Bauder, A.; Guhard, Hs. HChem. Phys198Q 51, riA
223. Figure 3. Radial distribution curves. The sets of bars indicate distance

(11) Kristiansen, P.-E.; Marstokk, K.-M.; Mgllendatta Chem. Scand. istribution (H++H were ianor n ights of th rms in the thr
1987 A41, 403. The species symbols differ from those of the authors due distribution ( were ignored) and weights of the terms in the three

to a different rotation convention. confomers of the final model; heavy-atom distances are designated by
(12) Van Alsenoy, C.; Van Den Enden, L.; St L. J. Mol. Struct. thicker bars. The difference curves are experimental minus theoretical.
19%3)1%%;;1,'5' J. C.; Albuquerque, L. M. P. C.; Fernandes, F. M. S. S. force fields for the more abundant species. This article is a
Theor. Chim. Actd 991, 78, 271. See for references to other ab initio work. ~ report of the results.
(14) Kazerouni, M. R. Ph.D. Thesis, Oregon State University, 1987.
Kazerouni, M. R.; Barkowski, S. L.; Hedberg, L.; Hedberg, K. Abstracts, Experimental Section
Eleventh Austin Symposium on Molecular Structure, Austin, TX, 1986;
No. TA4. Rotational constants for the OHOD, ODOH, and ODOD species '€ sample of EG was Baker Analyzed Reagent grade, further
of the g"Ga (refs 9 and 10) were also used in this work, but the other purified by fractional distillation under reduced pressure through a
constants were not available. column packed with glass helices. A middle fraction was chosen for
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Table 1. Ab Initio (HF/6-31G*) Data for Conformers of Ethane-1,2-diol

no. conf? 7(CCOHp)® 7(OCCOY 7(CCOH)® (E+228.0)E, AE/kcakmol™? XC76 XC33
Hydrogen Bonded
1 g Ga -53.9 60.7 —170.2 —0.925 726 69 0.0 0.576 0.345
2 g Gg —45.6 57.8 76.0 —0.924 664 72 0.666 0.236 0.218
3 g Gg —-81.4 57.0 -81.4 —0.923 67252 1.289 0.103 0.142
Not Hydrogen Bonded
4 aAg 176.0 179.8 —75.3 —0.921 876 55 2.416 0.023 0.066
5 gAg” 73.6 180.0 —73.7 —0.921729 77 2.508 0.020 0.062
6 aAa 180.0 180.0 180.0 —0.922 423 39 2.073 0.018 0.042
7 gAg 70.8 177.9 70.8 —0.921 11364 2.895 0.012 0.047
8 gGg 44.2 49.1 44.2 —0.920 266 50 3.426 0.006 0.033
9 aGa —166.3 72.6 —166.3 —0.919 038 96 3.758 0.004 0.026
10 gGa 59.1 64.0 —178.2 —0.919 738 00 4.197 0.002 0.019

aThe lower/upper case letters refer to rotations about th@©L—C bonds, and a minus sign means a clockwise movement of the forward
group.® Torsion angles in degreesMole fractions at the indicated temperatures. Small zero point vibrational energy corrections were ignored;
rotational degeneracies have been taken into account.

Table 2. Theoretical Results for Structures of Ethane-1,2-diol Conforiners

parameter gGa gGg aAd parameter uGa gGg aAd
Bond Lengths
O;H3 0.949 0.949 0.946 1o 1.088 1.088 1.087
O7Hs 0.946 0.948 0.946 ©, 1.397 1.396 1.403
CiH4 1.088 1.091 1.087 O 1.408 1.409 1.403
CiHs 1.083 1.083 1.087 Cs 1514 1517 1.513
CsHo 1.087 1.082 1.087
Bond Angles
C10;H3 107.7 107.9 109.7 O7Hg 110.2 109.7 109.7
H4CiHs 108.1 107.5 108.0 $CeH1o 108.6 108.3 108.0
O,CiH4 111.0 110.8 111.5 L&eHg 110.7 106.1 111.5
0O,CiHs 107.2 107.4 111.5 LeH1o 111.0 111.2 111.5
CsCiH4 109.1 109.6 109.2 LCsHo 109.5 109.7 109.2
CsCiHs 110.0 110.3 109.2 LsH1o 110.3 110.8 109.2
0,C1Cs 111.3 1111 107.2 CsO; 106.7 110.5 107.2
Torsion Angles
CsC10:H3 —53.9 —45.6 180.0 QC,Cs07 60.7 57.8 180.0
C1CsO7Hg —170.2 76.0 180.0
Relative Energies

E/kcatmol™t 0 0.034 1.06
Eo/kcatmol? 0.020 0 0.702

aHF/6-31G*.P C; form. ¢E: ab initio relative energiessy: relative energies after correction for zero point vibration.

the experiments. Diffraction photographs were made in the Oregon the experimental radial distribution of distances at both temperatures
State apparatus at nozzle-tip temperatures of 376 and 733 K. Conditionscalculated with use of theoretical intensity data from the final models

of the diffraction experiments were as follows: sector shapg, for the unobserved or uncertain rangd ! < 2.75. The electron
photographic plates, Kodak projector slide medium contrast 80 scattering amplitudes and phases for these and other calculations were
in. developed in D19 diluted & 1; ambient apparatus pressure during taken from table$’

exposure, 1.8< 10°°-1.8 x 1075 Torr; exposure times, 66180 s; Structure Analysis. There are ten possible conformers of EG,

beam currents, 0.330.44uA, nominal nozzle-to-plate distances, 750 exclusive of enantiomers, all of which have similar bond distances and
cm (“long camera”), 30 cm (“middle camera”); nominal electron bond angles. It is not possible to measure all these parameters as
wavelengths 0.058 A accurately determined by voltage calibration independent entities by GED alone, so one seeks auxiliary data from
against gaseous GQr(C=0) = 1.1646 A andr,(O---0) = 2.3244 other sources that will either allow a substantial simplification of the
A). Four long-camera plates and three middle-camera plates from bothproblem or provide constraints on the GED parameters that could
the high- and low-temperature experiments were chosen for analysis.otherwise not be refined. One finds these simplifications and/or

Data over the ranges 2.609A1 < 13.75 and 2.0 A1 < 14.00, constraints in the results of theoretical calculations and in the other
respectively, were obtained for the low- and high-temperature experi- experimental results from vibrational and rotational spectroscopy.
ments from the long camera, and correspondingly the ranges=8.00 Molecular Orbital Calculations. We carried out ab initio optimi-

A~ < 33.75 and 7.00< A~ < 33.00 from the middle camera.  zations for all ten conformers of EG at the HF/6-31G* level with the
The data interval wads = 0.25 A%, Procedures used for obtaining  program SPARTANS® (Similar calculations at this and other levels
the total scattered intensitiesif) and the molecular intensitiesl(s)) had already been carried dd#2but not all the results needed for our
have been describé#’® Figure 2 shows the curves of the scattered work were available.) These calculations yielded predictions of the
intensities and the final backgrounds from the lower temperature conformer abundances through their relative energies and thus of the

experiment. The corresponding curves for the higher temperature relative importance of each conformer in the make-up of the system.
experiment are found in the Supporting Information. Figure 3 shows

(17) Ross, A. W.; Fink, M.; Hilderbrandt, R. International Tables for
(15) Gundersen, G.; Hedbergk, B. Chem. Phys1969 51, 2500. Crystallography International Union of Crystallography; Kluwer: Boston,
(16) Hedberg, L. Abstracts, Fifth Austin Symposium on Gas Phas Dordrecht, London.

Molecular Structure, Austin, TX, 1974; p 37. (18) Wavefunction, Inc., 18401 Von Karman #370, Irvine, CA 92715.
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Table 3. Internal Coordinates for the"Ga and gGg Conformers of Ethane-1,2-diol

S =Argp OH str

S = Args OH str

S5 = 1/IV/2A(r14 — 15) CH asym str

S = 1V2A(rgo — Te10) CH asym str

S = 1IV/2A(r14+ r15) CH sym str

S = 1V2A(rgo + re10) CH sym str

S = 1\/40A(40u1s — Para— Ba1s — Pera— Peis + 4010 — Preo — fre10— Piss — Ps10) CH; scis

S = 1/IV/A0A (40415 — Para— 215 — Pora — Pois — Aotesio+ Brse + Brer0+ Piso+ Pisio) CH, scis

S = LV/BA(B214+ 215 — Bora— Peis+ Prea+ Brsio— Biso — Piero) CH;wag

Sio= 1v/8A(Ba14+ P21 — Pe1a— Pe1s — Bres — frs10+ Piso+ Pie1o) CH;wag
Si1=Ars CO str

Si» = Arg7 CO str
Siz=Arss CC str

&_4 = 1/\/2A((1123 + (1678) COH sym bend
Si5= 1/\/2A(Q123 — O~678) COH asym bend
Si6 = 1/v/8A(B214 — Pa1s — Pera+ Pers+ Breo — Prer0— Piso+ Ps10) CH, twist

Si7 = 1IV8A(B214 — Pa1s — Pera+ Pe1s — Breo + Prero+ Piso — Pis10) CH, twist

Sis= 1V/8A(B214— P15+ Pera— Bers+ Brea — Prs10+ Piso — Pie10) CHz rock

Sio = 1/V/8A(B214— Bais+ Pera— Pe1s — Breo + Pre10— Piso+ P1s10 CH, rock

S0 = 1/2A(0l216 — Olae7) CCO asym bend
Sz]_ = A'[6123 CCOH; torsion
Sz = Lv/2A (0216 + 0167) CCO sym bend
823 = A‘[1578 CCOH} torsion
Su= Ato167 C-C torsion

a Atom numbering from Figure 1.

Table 4. Values of Scale Factors and SQM (HFB1G*) Quadratic Force Constants for theGa Conformer of Ethane-1,2-diél

scale factors Fy F, F3 Fy Fs Fg F; Fg Fy Fyp Fy Fiy
Fi3 Fiy s Fig  "Fy Fig  Fyg Fp  Fp Fpp Py Fq

F, 7523

0.791(2)
F, 0001 7422

0.820(2
@ Fs -0.004 -0.023 -0.095 -0.011 4.302

Fg -0.001 0.001 -0.008 0.017 0.016 4.729

F, 0006 -0.004 -0.000 -0.003 0.060 0.070  0.561

Fg -0.005 -0001 0.005 -0.002 0.073 -0.082 0.004 0.559

Fy -0023 0008 -0.0l16 -0.006 -0.021 -0.018 -0.020 -0.001 0.706

Fj, 0019 -0.004 0.008 -0.015 0.001 -0.002 -0.002 -0.023 -0.014 0.684

F;; -0.010 0.022 0.060 0.009 0.280 0.020 -0.130 -0.125 0.264 0.325 5203

F,, -0.032 -0.018 0.009 -0.018 0016 0301 -0.126 0.118 0.268 -0.319 0.042 4946
0.836(25)  Fy3 -0.009 -0.021 0.010 0.002  0.092 0.074 -0.131 -0.013 -0.255 -0.004 0240 0222

0.774(4)
0.763(T)

Fy -0001 0014 4683
ln 0.005 0003 -0011  4.598
0.774(11) {

4339

Fi, 0068 0111 -0.013 0002 0019 -0.003 -0.006 -0.021 0010 0024 0235 0215
0.802(10) [ 0012 0735

Fis 0068 0110 -0.009 0.005 0013 -0011 -0011 -0.004 0034 0023 0222 -0.189

-0.036  0.033  0.706
Fig -0.001 -0.023 -0.044 -0.049 -0.008  0.000 0.003 -0.002 0.048 0.002 0.042 0.035
0.824(18) ( -0.042  -0.026 -0.039 0.742
Fi; 0013 -0013 -0027 0029 -0002 -0.010 -0.001 -0017 -0.001 -0.029 -0.033 0.039
0.000 -0.018 -0.040 -0.004 0.658
( Fig -0.006 -0.026 0117 0.106 0002 0011 -0.014 -0.006 -0.025 -0.003 -0.033 -0.046
0.811(15) i 0.013 -0.041 -0.011 0.093  0.003 0914
Fjy -0.003 -0.033 0.085 -0.074 -0.020 0016 -0.007 0.012 -0.005 0.036 0.052 -0.052
0.003 -0.037 -0.028  0.006 0.145 0.037 0.809
0.814(22)¢ F,y -0.055 -0.020 0.059 -0.062 -0.064  0.067 -0.002 -0.016 0012 -0.015 0282 -0.277
-0.034 -0.073 0.065 0.006 -0.136  0.029 0.130 1.394
0.580(24)  F,; -0.003 -0.016 0.003 -0.009 -0.002  0.002 -0.001 -0.003 0.000 -0.005 -0.002 -0.005
-0.002  0.004 0.005  0.004 0.001 0.012 0.017 -0.002 0.052
0.814(22)¢ F,, 0042 -0.036 -0.046 -0.054 -0.050 -0.058 -0.026 -0.004 -0.110 0.026 0095 0232
0348 0.003 -0.109  0.152 -0.009 -0.093 0.017 -0.026 0.000 1.231
0.844(42) Fpy 0.006 0.002 0.000 0.002 -0.001 0.007 0.003 0001 0.003 -0.002 0010 -0.017
-0.007 0.008 0.008 -0.010 0.011 0.011 -0.005 0016 0001 -0.011 0.033

1.076(80)  F,, -0.009 -0.011 0.016 0.009 0.010 -0.001 -0.009 -0.006 -0.022 0.005 -0.069 -0.020
0.078 -0.006 -0.010 -0.067 0.003 -0.072 -0.001 -0.014 0.038 -0.014 -0.001 0.250

a Diagonal values are theoretical ones multiplied by the scale constaifsdiagonal values bykk)Y2 © Units are aJ/Afor stretches, aJ/réy
for bends; coordinates are those of Tablé Refined together as a group.

Certain distance and angle differences were obtained from the optimizedconstants were also calculated for theGg, g Gg, and aAa forms,
structures and used in the formulation of some of the parameters to bewhich for reasons given later were eventually chosen to represent the
refined. Theoretical vibrational wavenumbers and Cartesian force the entire EG system. Table 1 lists the calculated torsion angles, relative
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Table 5. Wavenumber Fits (crt) for Isotopes of the gGa Table 6. Rotational Constants (in MHz) for Ethane-1,2-diol
Conformer of Ethane-1,2-diol . 376 733
isotope A By Co  A;B;C, o? AB;™®P AB;>P

OH,OH 180H 180H OD,0D CD,CD, o Ga

obs diff obs diff obs diff obs diff OHOH  15363.280 15368.100 17.33 18569  31.604
7, 3667.0 —1.5 36555 —0.9 2970.0 0.9 3666.0 —2.5 5587.098 5579.888 10.00 —5.881 —1.757
P, 3629.0 —13.6 3618.0 —12.8 2940.0 11.3 3629.5-13.0 4613.537 4611.407 10.00 0.281 —2.104
73 2968.0 —0.8 2969.0 0.2 2888.0 —8.4 2246.0 43.2 ODOD  14394.114 14404.514 17.33-40.186 —39.178
Ps 29400 11.3 2939.0 10.3 2882.0-6.2 21950 19.0 5276.246  5270.496 10.00  10.734  10.259
75 2891.0 —5.3 2889.0 —7.3 2706.0 34.1 2137.0 21.1 4323.647 4322.217 10.00 5.476 0.544
7s 2885.0 —3.1 2885.0 —3.1 2678.0 26.7 21065 6.6 OHOD 15126.955 15134.515 17.33 —4.169  26.614
v; 1468.0 —1.7 1468.0 —1.6 1465.5 —3.0 1313.0 —-11.8 5311.085 5305.145 10.00 0.364 —4.558
Pg 14595 0.4 1459.0 0.0 1457.5-1.4 13025 —6.3 4412.157 4410497 10.00 2.919 —2.964
Vg 14155 —8.6 14135 —7.8 13995 —3.6 1165.0 —6.9 ODOH  14620.287 14628.437 17.33—-19.048 —36.342
P10 1383.0 —1.7 1381.0 1.2 1370.0 12.3 1123.622.0 5548.481 5541501 10.00 4.826  13.877
711 1350.0 —3.1 1347.0 —4.0 11100 5.1 4517.854 4515994 10.00 2.702 1.141
P12 12710 —2.0 12625 -7.0 1064.0 7.3 CD,CH; 13562.625 13567.705 17.33  20.417  24.136
P13 1246.0 —6.1 1243.0 —6.0 1144.0 -155 980.5 18.4 5356.147 5350.027 10.00 —3.707 —8.163
P1. 1163.0 209 11615 21.0 1096.0 2.8 963.0 21.0 4432101 4430241 10.00 —1.439 —12.714
715 1100.0 —3.9 1091.0 —5.9 10875 6.0 9425 132 CH,CD, 13509.256 13514.256 17.33  27.532  24.324
716 1069.0 —12.8 1058.0 —7.1 958.0 —7.5 894.0 —18.9 5362.112 5356.132 10.00 1.603  17.135
717 10415 2.1 10265 2.1 915.0-2.8 4428.858  4426.918 10.00 4.761 3.819
75 880.0 35 8705 25 8360 135 7480 9.7
710 8650 59 8545 51 8145 127 739.0 10.6 g Gg
v 5140 07 5070 11 5040 57 441526 CD,CH, 13438.063 13439.773 17.33  18.298  29.583
vz 3610 25 3550 23 3425 78 3510 11 5307.625 5301.455 10.00 13.882  22.461
72 309.0 —8.0 306.0 —7.9 249.0 -04 2825 -56 4410.672  4408.392 10.00 —0.863 —11.966
7,3 268.0 04 2670 1.0 264.0-0.2 CH.CD, 13403.429 13404.849 17.33 7.846  18.124
P4 1850 —3.8 1850 3.1 1830 7.1 5312.809 5306.629 10.00 9.906  18.577

@ Observed minus calculated. Calculated values from the force field 4408148 4405.908  10.00 —4.435 —15.291
of Table 4. aUsed to establish weighting @) relative to diffraction data.
b Equal toB%" — B,
1 reveals several important features of the EG system that simplifies
the design of a model. First, except for the last three, all the non-

energies, and mole fractions for all conformers calculated with
assumption of a Boltzmann distribution. Table 2 contains distance and

angle values for'the three copformerg mentioned gbove. hydrogen-bonded conformers have an anti arrangement of the molecular
Normal Coordinate Calculations. In its latest version, the program  gajeton. The three exceptions are predicted to be present in negligible
ASYM40" allows the refinement of scale factors applied to theoretical, amounts at 376 K, and even at 733 K to constitute only about 8 mol
nonredundant sets of inte_rnal force constants in order tc_) bring the %, which suggests they could be safely ignored as components of the
caICL_JIated_ wavenumbers into k?e_s_t agreement with experiment. We 04el. Second, since the@g- form likely constitutes only a small
applied this program to the ab initio results for theGz conformer: proportion of the hydrogen-bonded type of conformer, and especially
first to generate the nonredundant internal force constants and then t0gjnce its heavy-atom structure is similar to that o6g, it need not be
refine 13 scale factors for groups of these constants to fit the gheqifically included as a part of the model. Third, the predicted mole
experlm?ntill (IR wavenumber assignments of four isotopic Species faction sum of the four anti forms is relatively small, and because
OH,0H; 1%01%0; OD,0D; and CBCD,. The set of scale factors was ey giffer essentially only in the CCOH torsion angles that cannot be
then applied to the theoretical sets of internal force constants for the ,o2q\red by GED alone (there are no rotational constants for them)
g Gg and aAa forms to generate plausible scaled quantum mechanical,e presence of these forms should be adequately represented by just
(SQM) force fields for them based on the structures shown in Table 2. ,ne of the molecules. Adoption of these simplifications led to a model
The nonredundants set of internal or “symmetry” coordinates fGay for refinement that consisted of a mixture of two gauche forms with
are given in Table 3, the corresponding force constants and scale factor§iramolecular hydrogen bonds;@a and gGg, and an anti form, aAa.
in Table 4, and the wavenumber fits provided by this force field in  pegpite the reduction in the number of conformers from ten to three,
Table 5. Force fields for the other two conformers are similar and are , yever, there remained many different bond distances and bond angles
found in the Supporting Information. _ ) of similar type, so that the parameters required for definition of the
As mentioned in the Introduction, there are available eight sets of model numbered far too many to be refined independently. The
ground state rotational constants for EG from microwave spectroSc8py.  proplem was handled by forming averages and differences of similar
These data are of great importance, especially in helping to determinejstances and angles, drawing again on the ab initio results mentioned
the several bond and torsion angles affecting the positions of hydrogenahove for certain components of the differences. For example, the four
atoms. However, in order to use them properly with the GED data it parametergi(O—H)[) [(C—H)C) [E(C—O)5 andr(C—C), were chosen
was necessary to convert tBg's to B; and to be able to express the  {q represent the lengths of the different types of bonds for the system.
GED parameters in terms of® = r; i.e,, to take account of differences  The individual bond values that comprise each of these averages were
between the effects of vibrational averaging @ K and at the  constrained to reflect their theoretiatifferencesas obtained from the
temperatures of the GED experimefitsThe calculations for these g initio optimizations. The remaining parameters of the system occur
conversions were again done with ASYM40 as well as calculations of i three sets, one pertaining to each conformer. F@aand gGg
theoretical vibrational amplitudes, some of which were used to provide the sets were the saméllCCOO= [0(CeCi02) + O(CiCe0,)]/2;
estimates for vibrational amplitude parameters that cannot be measureda(CCO) = 0(C4C10z) — 0(C1Ce07); MCOHO= [0(C10:H3) +
Table 6 contains the observed and converted rotational constants(Cq0;Hg)]/2; M (RCy.H) = [(RCyH)H- MI(RCsH) 2 (here each
resulting from this procedure. of the last two terms is the average of the two CCH and two OCH
System Model. Any model that includes representations of all the  angles at the carbon atoma)iI(RC, H) = M(RCH)+ M(RCeH)L
possible EG conformers would be very complicated. However, Table and three torsion anglésCCOH;, 0(OCCO), andICCOHs. For the
— aAa form the remaining parameters wdrgdCCO), O(COH), and
(19) Hedberg, L.; Mills, 1. M.J. Mol. Spectrosc1994 160 117. MRCH) = [O(RGH) + O(RCH))/2. The theoretical distance and

(20) For an excellent account of the interrelation of these quantities, - . . ;
see: Robiette, A. IMolecular Structure by Diffraction MethogSpecialist angle values used in formulating the various averages and differences

Periodical Reports; The Chemical Society: London, 1973; Vol. 1, Chapter in these parameter definitions may be deduced from the data of Table
4. 2.
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Table 7. Structural Parameter ValuegJ/A; O./deg) for Ethane-1,2-diol at 376 and 733 K

conformer
376 K 733K

g Ga gGg aAa gGa gGg aAa
WO-H)O {0.961 0.962 0.969 (8) {0.945 0.946 0.94%4 (6)
mWC—-H)O {1.118 1.117 1.118 (6) {1.128 1.128 1.129 (6)
WC—-o)a {1.424 1.424 1.424 (1) { 1.427 1.427 1.427 (2)
r(C—C) {1.517 1.521 1.517 (5) {1529 1.533 1.529 (7)
m(ccoyx 109.3 (4) 111.2 (7 110.5 (30) 109.0 (6) 110.6 (8) 110.2 (21)
AO(CCO) 5.6(34) 0.5 (21) 0.6 [0.0] 11.2 (38) 0.5 (24) 0.6 [0.0]
MO(COH)Yd 105.8 (27) 108.2 (21) 108.8 109.6 (21) 109.7 105.1 (35) 108.2 (23) 108.8 109.7 (24) 109.7
M(RCeH)O 109.1 (10) 108.0(11) 109.5 110.5(21) 110.4 107.6 (11) 109.9 106.7 (12) 109.5 110.6 (23) 110.4
AORC H) 2.0(41) 0.0 (19) —-0.1 [0.0] 2.6 (46) 0.0 (21) —0.1 [0.0]
O(CCOH;) —54.0(21) —53.9 —45.6(21) —45.6 [180.0] —53.9(24) —53.9 —455(24) —45.6 [180.0]
J(OCCO) 60.7 (18) 57.5 (30) [180.0] 60.7 (23) 58.2 (31) [180.0]
OJ(CCOH;) —169.7 (20) —170.2 76.0 (21) 76.0 [180.0] —170.3 (23) —170.2 76.2 (24) 76.0 [180.0]
Xb {0.58 0.34 0.08§ (7) {0.40 0.42 0.18§ (11)
R(GEDY 0.048 0.058
R(B,)¢ 0.001 0.002

aWhere used, predicate values are in italics. Quantities in square brackets were assumed, those in curly brackets were refined as groups. Estimated
20 uncertainties are in parenthese#lole fraction.c Quality of fit. For GED data:R = [YiwiAi#wi(sli(obsdF]¥2 with A; = sli(obsd)— sli(calc);
for MW data: R = [ wiA%wi(B,(obsd¥]¥2 with A; = B,(obsd)— B,(calc).

In addition to the structural parameters mentioned above, there existsthe various corrections designed to bring about compatibility
a large number of vibrational amplitude parameters for which there is petween the MW and GED datag(, Bo to B, andr,tor,) are
no hope of refinement except through the formation of groups consisting necessarily imprecise and lead to compomises in the fitting. We

of similar types of terms. As is customary in our laboratory, the judge thesimultaneousit of our model to both the GED and
differences between member-amplitudes of each of these groups wer W data to be very good

kept at values determined by the normal coordinate calculations based ) )
As is seen from Table 5, the SQM force field of Table 4

on the SQM force fields. (The amplitude groupings can be found in -

Table 8.) affords a good fit to the observed wavenumbers of the several
Structure Refinements. The parameters to be refined comprised isotopomers of the gGa conformer of EG. Although the main
the four sets of structure-defining ones (the average bond distances forreasons for our normal coordinate analysis of EG were to obtain
all three conformers; the average bond angles, average angle differenceghe distance and rotational constant corrections as well as
and torsion angles forgsa and for gGg; andJ(CCO) and the bond  estimates of some of the vibrational amplitudes used in the
angles involving hydrogen atoms for aAa), a total of 23 as well as a gy ctyre determination, the results themselves have some

composition parameter X (the mole fraction of the hydrogen-bonded j;0 o5t The values of the 13 scale constants are seen in Table
species) and four group-amplitude parameters. The data on which the ;

refinements were based were those from GED andBtheotational _4' gnd the groups of force constants to Wh_'(_:h they apply are
constants seen in Table 6. The latter were especially valuable for indicated by the Curly_brack_e_ts. The compositions of the groups
helping to locate the hydrogen atoms, particular thatéms involved were based on the similarities among the set of nonredundant
in possible hydrogen bonding. The proper choice for the relative internal coordinates given by the assignments listed in Table 3.
weighting of these two types of data is uncertain; we chose them suchThe refined scale factors have values consistent with
that weighted sum of squares of the residuals was about 10 times greateexperience-about 0.8, except fd¥,; at about 0.6 that describes

for the GED data at the end of the refinements. Some of the parametersthe C—0O torsion affecting the hydrogen bond, afg at about
involving hydrogen atoms, particularly angle parameters, were found 1 1 that describes the-C torsion. Normal coordinate analysis

to be unstable. R_efinement of the_se par_ameters was aided by_the US®f EG has also been done by Frei ef alith a few exceptions,

of reasonable predicate valgelsy which their movement was restrained detailed comparisons of theirs and our results are not readily

to a degree determined by the weighting of these values. The weights de b f sliaht diff in th | | .
assigned to predicates are arbitrary and for the case at hand were chosefftade because of slight differences in the molecular geometries

so as to achieve reasonable parameter stability during refinement. Eactemployed and because of the different definitions of the
was given a weight of 1/(0.0%)within limits changes in the weighting ~ nonredundant coordinates. However, the coordinates for the

did not materially affect the converged values. Under the conditions O—H and C-C stretches and the-&C and C-O torsions are

described the refinements converged smoothly to the parameter valuessimilar in the two studies, and the force-constant values are in

listed in Tables 7 and 8. Table 9 is a correlation matrix for the low- excellent agreement. These values from our/their work are

temperature structural parameters; the correlation matrix for the higher 7 422/7.393 (G-Hy—bong Str), 7.523/7.561 (OH str), 4.339/

temperature parameters is similar. 4.237 (C-C str), 0.250/0.234 (EC tors), 0.052/0.050 (€
On—pong tors), and 0.033/0.029 (€0 tors).

Although our model for the EG system contains a number
of assumptions and approximations, we believe that the results

We believe our results provide the most complete description of Tables 7 and 8 provide an accurate picture of the structures
of the structure and composition of the gaseous EG systemof the major system components and of the amount of hydrogen
presently available. It could perhaps be argued that the bonding that takes place at the two experimental temperatures.
quantitative aspect of the fit provided by our model to the MW Justification for a model consisting of only three of the total of
data (Table 6) could be better in view of the precision of this ten possible conformers was given in an earlier section; the
type of measurement. However, the approximations built into question it poses is the extent to which the results are biased
by the absence of the remaining species. The answer to this
guestion is suggested by comparison of the values given in Table
2. Both the theoretical bond distance and bond angle values

Discussion

(21) Bartell, L. S. InMolecular Structure by Diffraction Methods
Specialist Periodical Reports, The Chemical Society: London, 1975; Vol.
5, Chapter 4.
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Table 8. Selected Interatomic Distances/R) and Vibrational Amplitudesl{A) for Ethane-1,2-did!

Kazerouni et al.

conformer
376 K 733K
g Ga gGg aAa gGa gGg aAa

m(O—H)M {1.001 0.999 1.007 (8) {0.985 0.983 0.991 (6)
[H(C-H)™ {1133 1.133 1.133 (6) {1.144 1.144 1.144% (6)
r(Ci—0y) { 1.422 1.422 1.43}) ) 1.427 1.426 1.43?(2)
r(Ce—0y) 1.433 1.434 1.438 1.439
r(Ci—Cs) {1.520 1.524 1.519 (5) {1.535 1.539 1.534 (7)
r(CiOy) 2.365 (27) 2.435 (18) 2.422 (42) 2.329 (30) 2.441 (21) 2.430 (30)
r(Ce:Oy) 2.439 (25) 2.433 (18) 2.488 (29) 2.438 (20)
r(Oz++0y) 2.813 (6) 2.859 (9) 3.669 (56) 2.813 (8) 2.862 (10) 3.677 (40)
m(C-Ho) 1.942 (32) 1.970 (25) 1.991 (25) 1.925 (41) 1.960 (27) 1.982 (28)
[A(O-Hc)[™ 2.088 (28) 2.064 (18) 2.122 (26) 2.081 (32) 2.058 (20) 2.134 (29)
m(C-He)™ 2.165 (29) 2.163 (18) 2.170 (28) 2.165 (33) 2.165 (20) 2.191 (31)
r(O7+-Hy) 2.596 (76) 2.703 (45) 2.663 (39) 2.510 (84) 2.662 (52) 2.676 (28)
r(O7++-Hs) 3.335 (27) 3.385 (17) 3.305 (29) 3.388 (20)
r(Oz+-Ho) 2.697 (69) 2.658 (43) 2.715 (78) 2.619 (49)
r(Oz++Hi0) 3.399 (25) 3.390 (15) 3.434 (30) 3.393 (18)
r(Ce:++Hs) 3.520 (52) 2.492 (40) 3.270 (35) 2.563 (62) 2.489 (45) 3.265 (28)
r(Cqe++Hs) 3.203 (25) 2.742 (36) 3.161 (30) 2.738 (40)
r(O7++Hg)® 2.365 (45) 2.372 (35) 4.383 (51) 2.374 (55) 2.406 (40) 4.380 (41)
r(Oz+-Hg) 3.632 (18) 3.331(33) 3.628 (20) 3.329 (36)
I(O—H 0.072 0.072 0.07 ©) 0.067 0.067 0.06 )
I(C—H) 0.082 0.082 0.08 0.077 0.077 0.0
I(C1—0y) 0.056 0.052 0.05 0.061 0.061 0.0p2
1(Cs—0y) 0.057 0.053 ?3) 0.062 0.063 4)
I(C1—Cq) 0.055 0.056 0.05 0.065 0.065 0.0p4
I(C1:Oy) {0.071 0.071 0.07}1(9) {0.086 0.085 0.09 (12)
1(Ce:Oy) 0.071 0.071 0.084 0.085
1(Oz:+-xd70y) {0.149 0.15% (16) [0.071] {0.217 0.22¢ (38) [0.091]
I(C-Ho)M 0.107 0.107 0.1 0.107 0.107 0.108
I(O-Hc)M 0.107 0.108 0.10M3) 0.107 0.107 0.10M4)
I(C-Ho)d™ 0.115 0.115 0.1 0.118 0.118 0.]19
1(O7+-Hy) [0.168] [0.164] [0.207] [0.209] [0.202] [0.269]
1(O7+++Hs) [0.102] [0.102] [0.112] [0.112]
1(Oz°+-Ho) [0.167] [0.166] [0.207] [0.205]
1(O22++H10) [0.102] [0.102] [0.112] [0.112]
1(Ce+++Hs3) [0.200] [0.196] [0.099] [0.256] [0.251] [0.111]
I(Ci+++Hs) [0.100] [0.200] [0.114] [0.258]
1(O7+-H3) [0.267] [0.259] [0.113] [0.356] [0.345] [0.130]
1(Oz°++Hg) [0.209] [0.263] [0.279] [0.351]

aValues in parentheses are estimatedifcertainties; those in curly brackets were refined as a group, and those in square brackets were assumed.

b Ab initio differences of distances were maintained in the motdlydrogen-bond distancé Calculated amplitude differences within each average
were maintained in the model.

Table 9. Correlation Matrix &100) for Structural Parameters of Ethane-1,2-diol at 376 K

parameteér 1000 ry 1 rs rs Os O O7 O Oo DO Ou 0w Oz O Ois O 017 X
1 [(O-H)O 0.275 100
2 mM(C—H)O 0.222 —-31 100
3 [m(C-0)d 0035 10 -1 100
4 [(C-C)O 0.177 37 —18 13 100
5 [M(CCOy 157 —17 19 -9 —40 100
6 AO(CCO) 121. 6 -3 1 3 -5 100
7 M(COHJ 971 —30 4 —-17 —26 —21 8 100
8 [M(RCeH)D 33.7 11 —-46 —-13 —-12 —-23 —-10 —-45 100
9 [O(0CCO) 62.8 5 -14 2 5 =90 9 31 34 100
10 [m(ccoyd 25.2 —-14 3 —-15 —-38 -17 -—-24 10 33 32 100
11 AQO(CCO) 73.4 <1 -1 -1 -1 -1 1 <1 3 2 <1 100
12 [M(COH)O 72.7 -1 -4 -2 -3 3 5 -9 12 -1 -9 -1 100
13 (RCeH)D 37.4 -5 —-26 —-11 -12 28 10 19 -18 —27 —-51 -4 -—28 100
14 [O(OCCO) 106. 7 2 10 16 28 22 =2 —-35 —36 —93 4 7 64 100
15 [O(CCO) 104. —10 2 —12 —27 —-15 21 17 15 25 —-19 -1 4 28 27 100
16 [O(COH) 74.4 <1 <1 <1 <1 1 <1 <1 -1 -1 1 <1 <1 -1 -1 <1 100
17 O(RCyeH) 73.7 <1 1 1 <1 4 -4 8 —-12 -5 4 <1 1 -6 -5 —2 <1 100
18 X 2.48 -8 1 14 1 6 —19 12 -13 -9 8 <1 <1 -5 -9 -1 1 -3 100

a|tems -4 are common to all

squares.

conformers:—® refer to gGa, 16-14 to g Gg,

and 15-17 to aAa.” o is the standard deviation from least

shown for the conformers of the system model are highly concluded that the refined values would not be significantly
characteristic of those for the omitted conformers as well. Since different were all possible conformers included.

the model itself incorporates many of the theoretical differences

The complexity of the distance spectrum of the model

between parameter values of the three components, it may beprecluded refinement of more than a few of the more important
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amplitudes of vibration (Table 8). For purposes of comparison, The experimental internal energy difference of 1.4 (5) kcal/

the theoretical values for the-@a conformer obtained with  mol in EG may be taken as a rough estimate of the average

use of the force fields already described H@—H) = 0.070 energy of the internal ©H---O hydrogen bond. Similar

A (both temperatures)(C—H) = 0.079 A (both temperatures), identifications were made in the cases of ethane-1,2-diafine,

I(C—0) = 0.049 A (376 K) and 0.054 (733 KI){\C—C) = 0.052 2-aminoethanethic? and ethane-1,2-dithiéf where the

A (376 K) and 0.058 (733 K)l(C-0) = 0.073 A (376 K) and ~ N—H:-**N, S—H--:N, and S-H---S bond energies, respectively,

0.092 A (733 K),I(O-*+O) = 0.209 A (376 K) and 0.279 A were found to be 0.68 (41), 0.18 (22), and 0.41 (43) kcal/mol.

(733 K). This series of values, including the present one for thé43-0
Because of the large relative uncertainties that attach to thebond, agrees with the conventional views about their relative

measurements of the conformational composition, neither they strengths.

nor the thermodynamic quantities derivable from them are very

reliable. It is nevertheless pleasing that the theoretical and Acknowledgment. This work was supported by the National

experimental values for the composition are in good agreement.Science Foundation under grants CHE84-11165 and CHE95-

The theoretical mole fraction of the non-hydrogen-bonded 23581.

species based on those components comprising our model

(conformers 1, 2+ 3, and 4-7 of Table 1) is 0.07 at 376 K Supporting Information Available: Figure of the intensity

and 0.23 at 733 K, and the corresponding experimental onescurves from the 733 K experiments and tables of the symmetry

(Table 7) are 0.08o= 4) and 0.18 ¢ = 6). These data permit  coordinates for the aAa conformer, the force constants, and scale

some rough estimates of the free energy differences betweerfactors for the gGg and aAa conformers, the correlation matrix

the hydrogen-bonded (G) and non-hydrogen-bonded (A) forms. for the parameters of the 733 K experiment, and the average

FromAG® = —RtIn K and withK = Xa/Xs one obtainsAG$7¢ molecular intensities from the 376 and 733 K experiments (9

= 1.8 (5) kcal/mol and\G?33= 2.2 (4) kcal/mol for the reaction  pages). See any current masthead page for ordering and Internet

G — A, values that correspond to an internal energy difference, access instructions.

AE®, of 1.4 (5) kcal/mol. (Here quantities in parentheses are

estimated standard deviations.) The corresponding theoretica

values areAG3zs = 1.9 kcal/mol,AG?s3 = 1.8 kcal/mol, and (22) Barkowski, S. L.; Hedberg, K. Am. Chem. Sod.987, 109, 6980.
AE° = 2.0 kcal/mol. (23) Barkowski, S. L.; Hedberg, K. Am. Chem. S0d.986 108, 6898.
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