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Abstract

The infrared spectra (3500-50 chy of gas and solid and the Raman spectrum (3500-50 yaf liquid 2-fluorobutane, CECHFCH,CHs,
have been recorded. Variable temperature studies over the +al¥feto —150°C of the infrared spectra (3500-400Th of the sample
dissolved in liquid krypton have also been recorded. By utilizing the relative intensities of six conformer pairs each for beisiAdrans
and Metrans/H-trans, the Metrans conformer is found to be the lowest energy form with an enthalpy difference to ttamg&eonformer of
1024+10cnt? (1.2140.12 kJ mot?) whereas the Hrans conformer is the highest energy form with an enthalpy difference ofi22Bcnt?
(2.49 & 0.25 kI mot?) higher than the Mdrans form. At ambient temperature, it is estimated that there is=3%6 of the Metrans form,
31+ 1% of the Ftransform, and 19+ 1% of the Htransconformer present. Equilibrium geometries and total energies of the three conformers
have been determined by ab initio calculations with full electron correlation by the perturbation method to second order using a number of basis
sets. A complete vibrational assignment is proposed for therktes-conformer and many of the fundamentals have been identified for the
other two forms based on the force constants, relative infrared and Raman intensities, and depolarization ratios obtained from MP2/6-31G(d)
ab initio calculations. The spectroscopic and theoretical results are compared to the corresponding properties for some similar molecules.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction form whereas the Hrans conformer with the hydrogen
atom trans to the methyl group has the highest energy
The conformational stabilities, structural parame- for several molecules. The electron diffraction studies for
ters, and vibrational spectra of the propyl derivatives 2-chlorobutangl4] and 2-bromobutan§4] show that the
(CH3CH2CHXY; X = H, CHs; Y = H, F, CI, Br, I, CN, Me-transform is the lowest energy form for both molecules.
C=CH, except propane) have been studied extensively Similar conformational stability results have been obtained
[1-8]. For the 1-halopropaned,?], the experimental re-  for 2-methylbutyronitrile, CHCH,CH,CH(CH3)CN, and
sults indicate that thgauche conformer is the more stable  3-methyl-1-pentyne, HECCH(CH;)CH,CH3, and are
form irrespective of the halogen substituents. The values offound to be in agreement with the molecular mechan-
the enthalpy difference are 99, 52, and 72¢rfor fluoride ics MM2 predictions[6]. However, the ab initio calcu-
[1], chloride[2], and bromid€2], respectively, which are  lations with smaller basis sets may predict the wrong
consistent with the ab initio predictions with the basis set conformational stability. For example, the MP2/6-31G(d)
(MP2/6-311-G(2d, 2p)). For X= CHgz, the compounds  and MP2/6-311G(d) calculations for 1-chloropropane and
are 2-substitued butanes and three stable conformers ard-bromopropane predicted theans conformer as the more
expected to be present in the fluid phases. It has been previstable form which are not consistent with the experimental
ously shown4—6] that the Metrans conformer where two  results[2].
methyl groups arérans to each other, is the lowest energy We recently investigated the conformational stability of
4-fluoro-1-pentyne (HECCH,CHFCHg) [9] which exists
mspondmg author. Tels1-816-235-6038; in three stable conformgrs in the fluid states apd t_I1|aaﬁs
fax: +1-816-235-2290. form was found lowest in energy. The determination of the
E-mail address: durigi@umkc.edu (J.R. Durig). second most stable conformer was a major challenge since
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calculations utilizing the full electron correlation method at

the MP2 level predicted the Hans conformer the next sta-

ble conformer. However, hybrid density functional theory »"\ /\ | f ﬂ W\W

(DFT) calculations using the B3LYP method predicted the /1 '- |\

Me-trans form more stable with several basis sets and the 1 L) \

least stable form to be the tlans conformer. Therefore, a 4 W

temperature dependent infrared study is essential in deter-

mining the conformational stabilities. In particular, since the f \.,' h

stability of the second conformer has been predicted poorly (A) V/

from theoretical calculations for many three-conformer

molecules, an experimental investigation is necessary to -mr#--\ " Wailalis '

eliminate the confusion from theoretical calculations. [\(\/«f" wm | l ﬂ\

In the previous study of 2-fluorobutaftg, the vibrational M ’

assignment was not complete, and the experimental enthalpy .' ‘[

differences among the three conformers was not determined \ |

and neither the Raman nor the far infrared spectra were re- ‘ '

ported. Therefore, temperature dependent infrared spectra of '

the sample dissolved in liquid krypton have been recorded (B

in this study in order to obtain a reliable value of the en-

thalpy differences among the three possible conformers. The 3000 1500 1000 1 500

infrared spectra of 2-fluorobutane in the gaseous and solid WAVENUMBER (em™)

phases and the Raman spectrum of the liquid have beerrig. 1. Mid-infrared spectra of 2-fluorobutane in: (A) gas; and (B) poly-

recorded for the purpose of providing a complete vibrational crystalline solid.

assignment for the most stable conformer. In order to facili-

tate the vibrational assignment, ab initio calculations utiliz-

ing the perturbation method to the second order (MP2) and purity was checked by comparing the mid-infrared spectrum

hybrid DFT calculations by the B3LYP method have been of the gas with the previously reported spectrith

carried out with various basis sets. The results of these vi- The mid-infrared spectra of the gas and solig( 1)

brational spectroscopic and theoretical studies are reportedvere obtained using a Perkin—Elmer model 2000 Fourier

herein. transform spectrophotometer equipped with a nichrome wire
source, a Ge/Csl beam splitter, and a DTGS detector. The
spectrum of the gas was obtained with the sample contained

2. Experimental in 10 cm cell fitted with Csl windows. The spectrum of the
solid was obtained by condensing the sample on a Csl sub-

All chemicals used in the preparations were pur- strate held at-77 K by boiling liquid nitrogen, housed in a

chased from Aldrich Chem. Co., Milwaukee, WI. The vacuum cell fitted with Csl windows. The sample was re-

2-fluorobutane sample was prepared by the previously re-peatedly annealed until no further changes were observed in

ported method with modificatiofl0]. The 2-butyltosylate  the spectrum. The theoretical resolution used to obtain the

was prepared by adding pyridine dropwise to 2-butanol spectra of both the gas and the solid was 1.0tm

and p-toluenesulfonyl chloride mixture in an ice bath. The The far infrared spectra of the gas and sokty( 2) were

reaction was allowed to proceed for 2h and quenched recorded on the previously described Perkin—Elmer 2000

by pouring the mixture into ice-cold water. The tosylate spectrometer. A grid beam splitter and a cryostat cell fitted

was extracted by ethyl ether and washed sequentially with with polyethylene windows was used to record the spectrum

cold water, diluted potassium hydroxide, and cold water. of the solid with the sample being deposited on a silicon sub-

The ethyl ether was removed by vacuum evaporation. The strate at 77 K and multiple annealings were performed in or-

2-fluorobutane sample was obtained by using potassium flu-der to obtain a good polycrystalline solid. For the spectrum

oride to fluoronate the 2-butyltosylate. The 2-butyltosylate of the gas, the sample was contained in a 10 cm cell equipped

sample was mixed with 2-methoxyethyl ether and potas- with polyethylene windows. The spectra were recorded at a

sium fluoride while the system pressure was reduced tospectral resolution of 1.0 cnt. Typically, 128 scans were

13.3Pa with continual stirring. The temperature was then used for both the sample and reference data to give a satisfac-

raised to 70C and the reaction was initiated and lasted tory signal-to-noise ratio. The interferograms were averaged

3h. The sample of 2-fluorobutane was removed from the and then transformed with a boxcar truncation function.

system every 5-10min by using a liquid nitrogen trap.  The mid-infrared spectra of the sample dissolved in

Further purification of the sample was performed using a liquefied krypton Fig. 3A) as a function of temperature

low-temperature, low-pressure fractionating column. The were recorded on a Bruker model IFS-66 Fourier transform

sample was stored under vacuum at low temperature and thespectrometer equipped with a globar source, a Ge/KBr

L | l |
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Fig. 2. Far-infrared spectra of 2-fluorobutane in: (A) gas; and (B) poly-
crystalline solid.

beamsplitter, and a DTGS detector. The temperature studies .

. Fig. 4. Raman spectra of 2-fluorobutane in: (A) liquid; (B) simulated
o
ranged from-105 to—150°C and were performed INaSPe-  infrared spectrum of the three conformer mixture with thel of 102

cially designed cryostat cell consisting of a 4 cm path length ang 208 cm! for Me-trang/F-trans and Metrang/H-trans conformer pairs
copper cell with wedged silicon windows sealed to the cell at 25°C; (C) calculated spectrum of the puretins conformer; (D)

with indium gaskets. For each temperature investigated, 100calculated spectrum of the puretfans conformer; and (E) calculated
interferograms were recorded at a 1.0¢mesolution, ay-  SPectrum of the pure Means conformer.

eraged, and transformed with a boxcar truncation function. _ o
The Raman spectrunig. 4A) of the liquid was recorded

on a SPEX model 1403 spectrophotometer equipped with
a Spectra-Physics model 164 argon ion laser operating on
— /‘(N “‘w{\ { mm the 514.5nm line. The laser power used was 0.5W with
n | \u N‘r\ \ f \] a spectral bandpass of 3ch The spectra of the liquid

U\Jw W‘ \ u N and solid were recorded with the sample sealed in a Pyrex
glass capillary. The wave numbers for all of the observed

fundamental bands by the different techniques in the various

®) W physical states are listed Tables 1-3or Me-trans, F-trans,

and Hirans conformers, respectively.

©) W
3. Ab initio calculation

©) WMWM The LCAO-MO-SCF ab initio calculations were per-
formed with the Gaussian-98 progrdfil] using Gaussian
type basis functions. The energy minima with respect to
the nuclear coordinates were obtained by the simultane-

(E) W ous relaxation of all of the geometric parameters using the
gradient method of Pulajl2]. Calculated energies were

determined at the MP2 level with full electron correlation
with various basis sets up to 6-3&6G(2d, 2p) as well as
hybrid density functional theory calculations by B3LYP
method and the results are listed Table 4 (B3LYP re-

Fig. 3. Mid-infrared spectra of 2-fluorobutane in: (A) krypton solution at  gylts not listed). The structural parameters for the three

—125°C; (B) simulated infri\red spectrum of three conformer mixture with stable conformers of 2-fluorobutane from RHF and MP2
the AH of 102 and 208 cm* for Me-trans/F-trans and Metrans/H-trans lculati listed ifiable 4

conformer pairs, respectively; (C) calculated spectrum of the purrarhs- Calculations ",’lre ISted Inable o
conformer; (D) calculated spectrum of the purdr&ihs conformer; and To determine the degree of mixing of symmetry coor-

(E) calculated spectrum of the pure Nfans conformer. dinates and to obtain a more complete description of the

| | | |

3000 1000
WAVENUMBER (em1)
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Table 1
Observed and calculated wave numbers (&rfor the Metrans conformer of 2-fluorobutane
Vibration Descriptiod Ab Fixed IR Raman Gas Krypton Solili Raman PEB
nunber initio? scaled intensitie§ activitie$
V1 *CHsz antisymmetric 3220 3021 17.4 36.1 2997 63345,
stretch
V2 CHs antisymmetric 3214 3015 17.3 60.2 2993 2982 2988 2983 92S
stretch
V3 CHs antisymmetric 3208 3010 17.7 52.5 2984 2979 2982 92S
stretch
V4 *CHz antisymmetric 3196 2998 28.0 56.9 2975 2971 2972 65325
stretch
Vs CH, antisymmetric 3157 2961 15.6 47.6 2940 2943 2941 2940 94S
stretch
Ve CHgz symmetric 3115 2922 114 117.8 2918 2925 2919 2915 Q7S
stretch
V7 *CHz antisymmetric 3113 2920 23.9 92.3 2918 2912 2915  96S
stretch
vg CH, symmetric 3104 2912 28.6 21.6 2893 2886 2884 2888 H4HS
stretch
Vg CH stretch 3100 2908 13.8 106.0 2869 2862 2870 2877 4,685%
V10 *CHsz antisymmetric 1574 1494 7.5 11.4 1473 1468 1479 185125,
deformation
V11 CHs antisymmetric 1564 1484 9.8 4.1 1465 1467 545235
deformation
V12 *CHsz antisymmetric 1563 1483 0.4 25.9 1456 1462 1458 6555
deformation
V13 CHs antisymmetric 1551 1472 4.8 211 1449 1445 1450 1449 8319,
deformation
V14 CH, deformation 1540 1462 0.3 5.7 1441 1436 1438 81S
V15 CH bend (out-plane) 1477 1403 9.9 3.6 1390 1384 1389 1387 15188S7, 1599, 14Se
V16 CH bend (in-plane) 1470 1395 15.1 0.6 1384 1380 1383 18,3057
V17 *CHz symmetric 1460 1386 8.3 4.8 1373 1376 1375  38Sl7S9, 28S9, 1695
deformation
V1 CHgz symmetric 1431 1361 13.2 6.8 1353 1350 1350 1345 £6S
deformation
V19 CH, wag 1378 1309 2.0 3.2 1305 1303 1303 1304 13987Ss
V20 CHy twist 1339 1272 0.9 8.9 1271 1268 1268 1271 £2387Ss
V21 CHs rock 1243 1187 6.1 1.8 1181 1174 1179 1175 3493553, 1299, 1234, 1155
V22 CHs rock 1200 1144 19.5 4.0 1137 1132 1126 1129 B30%3S7, 133
V23 C3Cy4 stretch 1185 1134 15.8 6.0 1125 1120 1115 1120 224BSs, 1099
V24 C,C; stretch 1094 1039 14.7 2.4 1033 1032 1032 1031 ,43893, 1397
V25 *CHs rock 1042 989 14.4 5.6 987 991 995 983 19S159), 1299
V26 *CHs rock 1015 963 8.0 0.3 968 967 968 971 34,3591, 1795, 1195
Vo7 CF stretch 955 905 23.3 5.3 904 899 890 898 358199, 1194
V28 C,C3 stretch 859 816 4.2 7.1 823 823 823 824  AR37S1, 1393, 1396, 10S9
V29 CHy twist 800 761 1.2 25 770 765 764 765 4851956, 13Sg, 1297
V30 C1C,C3 bend 503 491 2.8 2.0 493 493 496 494 3925, 17y, 1493
V31 CCF bend 470 459 3.3 0.4 457 457 459 458 495143, 1399
(out-plane)
V32 CCF bend (in-plane) 373 370 3.6 0.5 369 - 374 372 337374, 1231
V33 CHg3 torsion 253 253 0.2 0.03 - 260 85125
V34 C,C3C4 bend 246 245 0.5 0.02 255 - 252 2533730, 1533
V35 *CHjs torsion 233 236 1.4 0.06 243 - 237 &3S
V36 Asymmetric torsion 118 118 0.5 0.02 108 - 142 20S

a Asterisk indicates the £atom.

b Calculated with the MP2/6-31G(d) basis set.

¢ Scaled MP2/6-31G(d) calculations with factors of 0.88 were used for the CH stretches, 0.9 for the heavy atom stretches and CH bends, and 1.0 fol
all other modes.

d Calculated infrared intensities in kilometer per mole with the MP2/6-31G(d) basis set.

€ Calculated Raman activities in“&amu-! with the MP2/6-31G(d) basis set.

f Observed solid frequencies are from the infrared spectrum.

9 Calculated with the MP2/6-31G(d) basis set; contributions less than 10% are omitted.
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Table 2
Observed and calculated wave numbers (&rfor the Firans conformer of 2-fluorobutane
Vibration Descriptioft Ab Fixed IR Raman Gas Krypton Raman PED
nunber initio® scaled intensitie§  activitie$
V1 *CHg antisymmetric stretch 3196 2998 28.7 43.7 55385,
V2 CHs antisymmetric stretch 3211 3012 19.8 38.0 7787
V3 CHs antisymmetric stretch 3216 3017 135 66.4 738S
V4 *CHs antisymmetric stretch 3205 3006 29.0 33.2 2989 HS, 11§
Vs CHy antisymmetric stretch 3165 2969 10.8 76.2 2952 90S
Vg CHs symmetric stretch 3116 2924 6.3 122.9 87S
V7 *CHg antisymmetric stretch 3109 2916 8.3 106.7 B2HAS
vg CH, symmetric stretch 3113 2920 33.1 18.4 81PS
Vg CH stretch 3100 2908 24.9 94.1 RS
V10 *CHz antisymmetric deformation 1574 1495 7.0 4.6 1478 1983851, 1294
V11 CHs antisymmetric deformation 1571 1491 5.2 14.9 1469 1298154, 205>
V12 *CHs antisymmetric deformation 1565 1485 7.4 5.3 1463 1465 18328550, 1891
V13 CHs antisymmetric deformation 1552 1473 4.9 19.1 ¥8S
V14 CH, deformation 1550 1470 0.2 24.4 4253557, 1199
V15 CH bend (out-plane) 1477 1403 20.2 3.1 1581057, 21S6
V16 CH bend (in-plane) 1475 1399 10.9 2.9 14S
V17 *CHz symmetric deformation 1432 1361 6.9 3.3 1344 2Z{82S3g, 20Ss
V18 CHz symmetric deformation 1455 1382 12.7 5.9 1370 1B/ 8555, 2399
V19 CH, wag 1373 1304 2.3 5.6 39§ 3693
V20 CHy twist 1329 1263 1.6 5.6 1264 6855 1656
V21 CHs rock 1245 1187 5.6 0.8 1176 19S 27S9, 2196, 1334
V22 CHjs rock 1176 1125 40.9 4.3 1112 1106 1103 29247, 13S1, 1255
V23 C3C4 stretch 1216 1161 5.2 5.4 1151 235209, 1355
V24 C,C; stretch 1098 1043 10.2 3.2 5851395, 1197
V25 *CHs rock 1039 985 19.5 6.5 13§ 1893, 1897
V26 *CHs rock 1004 952 5.2 1.4 963 138 4091, 1290, 1155
V27 CF stretch 958 909 17.4 4.3 909 905 898 28319, 1395
V28 C,C;3 stretch 862 819 2.9 5.8 829 826 18S1693, 1491, 11Ss,
10S6
V29 CH> twist 812 771 3.5 1.8 780 782 4785 2256, 1393
V30 C,C,C3 bend 439 432 3.0 0.9 433 436 439 2383324, 193,
V31 CCF bend (out-plane) 497 482 5.1 15 488 490 $1S
V32 CCF bend (in-plane) 397 394 4.2 0.5 398 B2,
V33 CHjs torsion 273 272 0.6 0.05 287 445275
V34 C,C3C4 bend 259 257 1.4 0.1 135 4230, 2533, 123
V35 *CHs torsion 226 226 0.2 0.01 59§ 323
V36 Asymmetric torsion 107 107 0.62 0.04 S

2 Asterisk indicates the atom.
b Calculated with the MP2/6-31G(d) basis set.

¢ Scaled MP2/6-31G(d) calculations with factors of 0.88 were used for the CH stretches, 0.9 for the heavy atom stretches and CH bends, and 1.0 for

all other modes.

d Calculated infrared intensities in kilometer per mole with the MP2/6-31G(d) basis set.

€ Calculated Raman activities in*&amu with the MP2/6-31G(d) basis set.

f Calculated with the MP2/6-31G(d) basis set; contributions less than 10% are omitted.

molecular motions involved in the fundamental vibrations
of 2-fluorobutane, a normal coordinate analysis has been
carried out. The internal coordinates definedable 4and
shown inFig. 5 were used to build the symmetry coordi-
nates listed inTable 5 The B-matrix elements were used
to convert the ab initio calculated force field from Carte-
sian coordinates into the force field in internal coordinates
[13]. These force constants were used in a mass-weighted
Cartesian coordinate calculation to reproduce the ab initio
predicted frequencies and to determine the potential energy
distributions (PED), which are given ifables 1-Jor the
three conformers. The diagonal elements of the force field
in the internal coordinates were then modified with scaling

Fig. 5. Internal coordinates for 2-fluorobutane.
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Table 3

Observed and calculated wave numbers (&rfor the Hirans conformer of 2-fluorobutane

Vibration  Descriptior? Ab Fixed IR Raman Gas Krypton Raman PED

nunber initio?  scaled intensitie§  activitie$

V1 *CHs antisymmetric stretch 3217 3018 17.1 36.3 7551,416S

V2 CHgs antisymmetric stretch 3224 3024 16.2 41.6 783

V3 CHs antisymmetric stretch 3209 3010 16.8 52.7 8383

V4 *CHs antisymmetric stretch 3202 3004 275 52.6 82835

Vs CH; antisymmetric stretch 3158 2962 14.4 74.1 96S

Vg CHs symmetric stretch 3121 2927 4.2 237.1 59381S

V7 *CHgz antisymmetric stretch 3117 2924 22.2 6.8 6936

vg CHy symmetric stretch 3101 2909 8.4 51.1 8980S

Vg CH stretch 3113 2921 50.4 57.9 2897 5183S, 13556

V10 *CHs antisymmetric deformation 1578 1497 2.9 4.6 ARR7S 2, 2051

V11 CHs antisymmetric deformation 1573 1493 7.6 17.4 32350

V12 *CHs antisymmetric deformation 1562 1482 9.7 7.0 1463 1456 1803851, 1054

V13 CHgs antisymmetric deformation 1551 1473 2.0 18.9 649954

V14 CH, deformation 1542 1464 1.6 20.1 614S21S3

V15 CH bend (out-plane) 1481 1406 21.2 3.3 1392 118557, 1855

V16 CH bend (in-plane) 1474 1399 134 2.6 9424S7

V17 *CHz symmetric deformation 1438 1366 3.0 1.1 3127S5, 21S3

v1g CHs symmetric deformation 1419 1351 16.1 4.3 1348 1344 1828799, 14Sg, 10S5
V19 CH, wag 1432 1359 1.8 1.7 428 22S6, 16S3

V20 CHy twist 1343 1275 0.2 14.5 608 16S6

V21 CHs rock 1032 978 1.2 4.9 338 4094

V22 CHs rock 1205 1148 26.9 4.0 1157 2351797, 11Sg

V23 C3Cy4 stretch 1226 1170 4.2 1.7 195 1599, 1491, 1395
V24 C,C; stretch 1177 1125 11.7 1.9 1652195, 119,

V25 *CHs rock 1050 998 8.6 3.5 993 995 358S517S,, 119

V26 *CHs rock 1042 988 30.2 4.7 984 985 16S26S7, 2393, 18S9
V27 CF stretch 948 900 20.4 6.1 898 894 898 BAR7S2, 144, 10S5
V28 C,C3 stretch 831 790 3.1 7.6 787 794 795 29293, 109

V29 CHy twist 806 766 0.7 1.8 458, 2596, 1093

V30 C1C,C3 bend 607 589 2.0 0.3 591 588 2352331, 164, 1091
V31 CCF bend (out-plane) 370 368 1.6 0.1 39814

V32 CCF bend (in-plane) 421 417 5.9 0.6 420 418 422 363S

V33 CHgs torsion 257 255 1.6 0.2 435 289

V34 C,C3C4 bend 294 292 0.1 0.1 238 23S0, 2233, 215
V35 *CHs torsion 221 221 0.6 0.04 558 28%3

V36 Asymmetric torsion 108 108 0.9 0.1 88S

a Asterisk indicates the Catom.

b Calculated with the MP2/6-31G(d) basis set.

¢ Scaled MP2/6-31G(d) calculations with factors of 0.88 were used for the CH stretches, 0.9 for the heavy atom stretches and CH bends, and 1.0 fo
all other modes.

d Calculated infrared intensities in kilometer per mole with the MP2/6-31G(d) basis set.

€ Calculated Raman activities in“&amut with the MP2/6-31G(d) basis set.

f Calculated with the MP2/6-31G(d) basis set; contributions less than 10% are omitted.

factors of 0.88 for the carbon-hydrogen stretches, 0.9 for theties and the predicted frequencies for each normal mode
heavy atom stretches and carbon-hydrogen bends, and 1.014-17] To obtain the polarized Raman cross sections, the
for the methyl torsion and skeletal bends. The off-diagonal polarizabilities are incorporated in) by multiplying it by
elements were scaled with the geometric averages of the(1 — p;)/(1+ p;), wherep; is the depolarization ratio of
scaling factors involved. The calculations were repeated to the jth normal mode. The Raman scattering cross sections
obtain the fixed scaled force fields and scaled vibrational and the predicted scaled frequencies were used together
frequencies. with a Lorentzian function to obtain the calculated spectra.

The Raman Kig. 4) and infrared Fig. 3 spectra for Infrared intensities were calculated based on the dipole
2-fluorobutane were predicted using “fixed scaled” frequen- moment derivatives with respect to Cartesian coordinates.
cies; Raman scattering activities and infrared intensities The derivatives were taken from the ab initio calculations
determined from the Gaussian-98 progréii] from the and transformed to normal coordinates by
MP2/6-31G(d) calculations. The Raman scattering cross
sections,do; /082, which are proportional to the Raman Ot = Z (al“‘_“> Ljj

J

intensities, can be calculated from the scattering activi- 9Qi X j



Table 4
Structural parametetof 2-fluorobutane for the Fans, Me-trans, and Hirans conformers from ab initio calculations

Parameter Syb RHF/6-31G(d) MP2/6-31G(d) MP2/6-3315(d, p) MP2/6-31%-G(2d, 2p)

Me-trans F-trans H-trans Me-trans F-trans H-trans Me-trans F-trans H-trans Me-trans F-trans H-trans
r(C1-Cp) Ry 1.528 1.529 1.529 1.524 1.525 1.524 1.526 1.523 1.527 1.522 1.524 1.523
r(Co—-Cs) R, 1.519 1.521 1.523 1.514 1.516 1.518 1.515 1.517 1.519 1.510 1.511 1.514
r(Cs—Cs) Rs 1.516 1.516 1.517 1.511 1.512 1.512 1.512 1.513 1.513 1.507 1.508 1.508
r(Cs—Fg) Ry 1.383 1.382 1.383 1.410 1.409 1.410 1.407 1.406 1.407 1.410 1.409 1.410
r(Ci—Hs) ry 1.085 1.085 1.085 1.093 1.093 1.093 1.093 1.093 1.093 1.085 1.085 1.085
r(Ci—Hs) ra 1.083 1.087 1.085 1.091 1.094 1.093 1.092 1.095 1.093 1.085 1.088 1.086
r(Ci—Hz) rs 1.087 1.085 1.084 1.094 1.093 1.092 1.094 1.093 1.093 1.087 1.086 1.085
r(Co—Huo) rs 1.087 1.086 1.087 1.096 1.095 1.097 1.096 1.095 1.097 1.089 1.087 1.089
r(Ca—Hui) re 1.087 1.087 1.086 1.096 1.096 1.095 1.096 1.096 1.095 1.089 1.088 1.088
r(Cs—Ho) rs 1.085 1.085 1.084 1.098 1.098 1.097 1.407 1.096 1.407 1.089 1.089 1.088
r(Csa—Hzo) rey 1.085 1.085 1.083 1.093 1.093 1.091 1.093 1.094 1.092 1.086 1.086 1.084 -‘5
r(Ca—His) re 1.085 1.084 1.085 1.093 1.092 1.094 1.094 1.093 1.094 1.086 1.086 1.087 °
r(C4—Hua) ro 1.084 1.084 1.084 1.092 1.092 1.092 1.092 1.092 1.092 1.086 1.085 1.085 E
ZC1CC3 @ 113.0 114.0 114.7 112.6 1135 113.8 112.9 112.9 114.2 112.8 112.7 1141 @
£CyC3Cy 17 114.0 115.2 115.7 114.2 114.9 115.4 113.9 114.6 115.1 113.9 114.6 1152 @
ZCyCiHs o1 110.8 110.4 110.3 111.1 110.6 110.6 110.9 110.6 110.3 111.2 110.8 110.6 &
ZCyCyHs o 110.8 111.4 112.0 110.2 111.1 111.9 110.6 110.9 111.7 110.6 111.0 111.7 _§
ZCyCiH7 a3 111.2 112.0 110.7 110.9 111.7 110.1 110.7 111.7 110.6 110.8 111.7 1106 @
Z/CyC3Hg Iy 108.3 107.3 108.3 107.8 107.3 107.8 108.2 107.7 108.2 108.1 107.7 1081 3
ZCyC3Hg o 110.0 109.9 108.9 110.0 110.0 109.5 109.9 109.9 109.3 110.1 110.0 1095 S
ZC3C,Cyo y1 108.4 107.3 108.3 107.9 107.5 108.4 108.0 107.7 107.8 108.0 107.8 107.8 3
ZC3CyHyy 2 108.3 108.6 107.4 108.4 108.1 107.4 107.7 108.3 107.5 107.9 108.3 107.6 8
£C3C4H1, 1 110.5 110.5 111.1 109.8 109.8 110.6 110.0 110.1 110.7 110.0 110.0 1106 2
£C3C4Ca3 ¢2 110.7 111.3 110.6 110.7 111.3 110.6 110.1 110.6 110.0 110.2 110.7 1102 &
ZC3C4H14 ®3 110.2 109.8 109.9 110.3 109.8 109.9 110.4 110.0 110.1 110.6 110.2 110.2 3
7C1C2C3Cy 73 179.1 —67.0 60.9 177.8 —65.7 59.3 180.4 —64.5 56.2 180.7 —65.9 56.5 >
7C3C,CiHs 71 180.4 184.8 174.2 180.9 185.0 172.6 179.8 186.4 173.1 180.3 185.1 1740 g
7HgC1CoHs 120.1 119.4 119.6 120.3 119.5 119.9 120.2 119.5 119.7 120.3 119.6 1197 3
7H7C1CyHs -119.8 -119.7 —119.5 —120.1 -119.8 —119.5 -119.9 -119.9 —119.5 —120.0 —120.0 —119.6 =
TFgC3C2Cy —120.0 —-119.6 —121.1 —119.5 —119.2 —120.2 —120.1 —-119.9 —-120.7 —119.7 —119.7 —120.4 E
7H9C3C,Cy 124.3 125.0 124.9 125.0 125.3 124.4 124.8 125.0 124.0 125.2 125.2 1244 B
7H10C,C3Cy —122.1 —121.6 —123.6 —121.9 —122.0 —123.6 —1225 -121.6 —123.1 —122.5 —121.6 —123.1 E
7H11C,C3Cy 122.2 123.4 121.5 122.6 123.0 121.4 122.0 122.8 122.1 122.1 122.8 1221 R
7H12C4C3C, 72 -575 —55.1 —61.6 —57.2 —55.2 —61.0 —56.9 —54.2 —62.6 —56.8 —54.9 —61.7
7H13C4C3C12 120.3 120.8 120.8 120.1 120.6 120.6 119.9 120.4 120.3 119.8 120.3 120.3
7H14C4C3C12 -119.7 -119.4 —119.5 —119.6 —119.3 —119.4 —120.1 -119.9 —120.0 —120.1 —119.9 —119.9
A 8363 7821 6575 8228 7798 6467 8179 7794 6455 8204 7837 6481
B 3468 3437 3866 3496 3438 3914 3475 3449 3900 3498 3462 3926
c 2701 2632 3199 2708 2631 3227 2693 2636 3203 2708 2649 3227
[real 0.078 1.593 0.480 0.051 1.727 0.531 137 1.984 0.742 0.137 1.928 0.704
[l 1.786 1.072 1.537 1.898 1.108 1.633 —2.154 1.231 1.803 2.089 1.204 1.760
[recl 0.497 0.331 0.918 0.517 0.356 0.963 .583 401 1.115 0.563 0.374 1.073
7 1.8555 1.9483 1.8538 1.9677 2.0821 1.9687 2.2359 2.3692 2.2460 2.1674 2.3034 2.1777
—(E + 256y 0.154133 0.152766 0.152534 0.870485 0.869100 0.869241 1.141151 1.140486 1.140203 1.215706 1.214995 1.214731
AE (cm™) 300 351 304 273 146 208 156 214

a Bond distances in angstrom (A), angles in degrees, rotational constants in megahertz (MHz), and dipole moments in Debye.
b Symbols for internal coordinates.
¢ Energy in hartree.

GE8
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Table 5
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Symmetry coordinates for vibrations of 2-fluorobutane

Descriptior?

Symmetry coordinate

*CHg antisymmetric stretch

CHs antisymmetric stretch

CHs antisymmetric stretch

*CHs antisymmetric stretch

CH, symmetric stretch

CHs symmetric stretch

*CHz symmetric stretch

CH, symmetric stretch

CH stretch

*CHs antisymmetric
deformation

CHs antisymmetric
deformation

*CHz antisymmetric
deformation

CHs antisymmetric
deformation

CH, symmetric deformation

CH bend (out-of-plane)

CH bend (in-plane)

*CHz symmetric deformation

CHs symmetric deformation

CHy wag

CH, twist

CHs rock

CH> rock

C3C4 stretch

C;,C; stretch

*CHs rock

*CHs rock

CF stretch

C,C3 stretch

CH, twist

C;LC2C3 bend

CCF bend (out-of-plane)

CCF bend (in-plane)

CHgs torsion

C2C3C4 bend

*CHs torsion

Asymmetric torsion

S =r-rs3

S =r57—19

S =25 —1r7—19
S =2r1 —r12—1r3
S =1r5—15

S =r7+rg+rg
S;=r1+ra+rs3

S =rs5+T6

S =1rq

Si0=2{2 — {1— ¢3

Si1 =263 —€1— &2
Si2=¢1—4¢3

Siz =61 — &2
Su=48—-p1—P2—y1— 2
Si5=24A —-n—o0o
Ss=0—1
Si7=081+¢2 +{3 — o1 — a2 —ag
Sig=¢61+e2+e3— 1 — ¢2— ¢3
S9=p1+P2—v1— 2
So=p2—-B1+v1—y2
S1=¢3 — ¢1

S22 =2¢2 — 1 — ¢3
S3=Rs

S4 =Ry

S5 =201 — az —a3

S =02 —a3

S7=Rg

Ss =R
S9=p2—-B1—v1+y2

S =@

S1=I1+12
Spp=I1—-1">

S3 =12

Sy =Y

S5 =11

S6 = 12

a Asterisk indicates the Catom.

where theQ; is theith normal coordinateX; is thejth Carte-
sian displacement coordinate, aig is the transformation
matrix between the Cartesian displacement coordinates and
normal coordinates. The experimental Raman spectrum of
the liquid and mid-infrared spectrum of the krypton so-
lution for 2-fluorobutane are included with the calculated
spectra inFigs. 3A and 4A respectively, for comparative
purposes. The calculated spectrum of the mixture of the
three conformers was obtained using the enthalpy differ-
ences obtained from the temperature study of the liquid
krypton solution Tables 6 and )t The agreement between
the calculated spectrum of the mixture of conformers and
the experimental Raman spectrum of the liquid is reason-
ably good where the frequencies and their relative inten-
sities of many of the lines are similar to those predicted
by the ab initio calculations. The agreement between the
calculated and experimental infrared spectra is also satis-
factory. Therefore, these calculated spectra are useful for
analytical purposes and contribute significantly to spectral
interpretation and vibrational assignments, particularly to
distinguishing bands due to the individual conformers.

4. Vibrational assignment

Although the vibrational spectrum of 2-florobutane has
been reported previouslp], the data were not complete
and the conformational stabilities were not determined. The
vibrational assignments in the present study are based on
the scaled ab initio MP2/6-31G(d) frequencies, infrared in-
tensities, Raman activities, as well as characteristic “group
frequencies” from similar molecules.

Several bands which were observed in the spectra of the
fluid states were absent in the spectrum of the annealed poly-
crystalline solid. For example, the band at 588¢nn the
krypton solution disappeared in the solid state. This band
is assigned to the fundamental of thetddns conformer,
since the nearest bands for the other two conformers are over
100cnt? apart, according to the ab initio MP2/6-31G(d)

Table 6

Temperature and intensity ratios from the conformational study of therdfis-and Firans conformers in krypton solutich

T(°C) 10007 (K) l493/1489 l457/1780 l457/11106 l1174/1780 1117411106 111741436
—105 5.947 - 7.247 1.635 3.268 0.737 -
—110 6.129 4.943 7.374 1.721 3.348 0.781 6.220
—115 6.323 5.002 - 1.722 3.426 0.800 6.778
—120 6.530 - 7.499 1.736 3.495 0.809 6.954
—-125 6.750 5.924 - 1.766 3.559 0.848 -
—130 6.986 6.224 7.545 1.797 3.713 0.885 7.532
—-135 7.239 - 7.833 1.852 3.856 0.912 7.664
—140 7.510 6.651 - - 4.069 0.983 7.825
—145 7.803 7.028 8.355 1.952 4.402 1.028 8.259
—150 8.120 7.257 9.021 2.100 4.723 1.099 -
AHP (cm*l) 139+ 14 63+ 10 69+ 6 115+ 7 122+ 4 105+ 11

@ The first frequency is from the M&ans conformer.
b Average value ofAH is 102+ 6 cm ! (1.21+ 0.07 kJ mol?) for Me-trang/F-trans conformers with the Mérans more stable.
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Table 7

Temperature and intensity ratios from the conformational study of therdfis-and Hirans conformers in krypton solutiéh

T(°C) 10007 (K) I457/1588 113091588 11174588 111741704 111741418 I457/1218
—105 5.947 15.677 4.339 7.069 7.061 1.144 2.536
—110 6.129 18.879 - 8.571 7.306 1.212 2.669
—115 6.323 - 5.151 - 7.956 1.282 2.757
—-120 6.530 20.248 5.302 9.438 8.061 1.431 3.069
—125 6.750 - - 9.674 7.956 1.576 3.283
—130 6.986 22.321 5.800 10.986 8.037 1.639 3.330
—135 7.239 23.662 5.951 11.649 9.216 1.782 3.619
—140 7.510 - 7.648 - 10.124 1.971 -
—145 7.803 29.894 - 15.750 12.039 2.130 4.043
—150 8.120 34.336 8.086 - 13.015 2.232 4.262
AHP (cm1) 224 + 18 207+ 2 269+ 23 190+ 20 223+ 9 169+ 9

@ The first frequency is from the M&ans conformer.
b Average value ofAH is 208+ 8cm ! (2.49+ 0.10kJ molt) for Me-trang/H-trans conformers with the Merans more stable.

calculations. Several bands in the region between 380 andand 894 cm? for the Firans, Me-rans, and Hirans con-
430cnt? in the infrared spectrum of the gas also disap- formers, respectively. However, only one Raman band at
peared in the solid with two of them arise from the funda- 898 cnm! was observed in the spectrum of liquid and it is

mentals of the Hrans conformer and one from the tFans assigned to this mode for all three conformers. ThEL3
conformer. Therefore, it is clear that only the Mans form bending fundamental of the Hans conformer with the in-
exists in the polycrystalline solid. Thus, all bands in the frared intensity of 2.0 kmmot! is assigned to a weak but
spectrum of the solid are assigned to the tvis con-  well defined band at 588 cn in the spectrum of the krypton

former. Since the Méerans form is predicted as the most  solution. The corresponding fundamentals for the théms
stable conformer by all MP2 calculations in this study, most and Firans conformers are observed at 493 and 436¢€m
of bands observed in the fluid states are assigned to this conrespectively, in the same spectrum. The CCF out-of-plane
former which is consistent with the previous investigations and in-plane bends are assigned to bands at 457, 369 cm
[5]. and 488, 398 cm' for the Metrans and Firans conform-
The assignment of carbon-hydrogen stretching modes isers, respectively. However, only the in-plane mogewas
straightforward on the basis of the scaled ab initio pre- gpserved at 420 crit for the highest energy krans form.
dicted frequencies and well known “group frequencies”. Tyg hands with C- and A-type band contours are observed
EightQ-branches in the spectrum of the gas and seven bands; 255 and 243 cmt, which are assigned to thes andvss
in the spectrum of solid are assignedip-vg fundamen-  fyndamentals for the Mé-ans conformer. Additionally, the
tals for the Metrans conformer. However, th@-branch at  asymmetric torsional mode is assigned to a broad band cen-
2952 cr_rﬂ has to be assigned to the gtantisymmetric  tered at 108 cm! in the far infrared spectrum of the gas
stretching fundamental for the tFans form (v; where the  (rig. ). The assignments for the observed fundamentals of
single and double primes indicate therBias and Hirans  2_flyorobutane are listed iffables 1-3for the Metrans,

conformers, respectively), since it disappeared in the Spec-_yrans, and Hirans conformers, respectively.
trum of the annealed solid. The fundamentailg, v11, and

v12, Which were not assigned previously, are assigned to dou-

blets at 1479 (1473), 1467 (1465), and 1462 (1458)tm 5 Conformational stability

in the spectrum of the solid, where the numbers in the

parentheses are due to factor group splitting in the solid. There are three stable conformers in the fluid states and
The Ch twisting fundamentals with the predicted frequen- many fundamentals have nearly the same frequencies, but
cies of 1275, 1272, and 1263 cthare assigned to the in- bands due to each single conformer can still be identi-
frared bands at 1278, 1271, and 1264 ¢rfor the H4rans, fied. As mentioned earlier, a series of bands disappeared in
Me-trans, and Ftransconformers, respectively, with the first  the spectrum of the polycrystalline solid which must arise
and the third band vanishing in the spectrum of the solid. from either the Rrans or H-trans conformer. Aided by the
The CH; rocking fundamental for the H-ans form, v5,, is normal coordinate analysis, many of those bands can be
assigned to a strong Q-branch (C-type band) at 1112cm confidently assigned. For example, the predicted frequen-
in the infrared spectrum of the gas and a band at 1103cm  cies of v3g (H-trans) and v,q (F-trans) fundamentals are

in the Raman spectrum of liquid which is in agreement with 790 and 771 cm' with the infrared intensities of 3.1 and
the previous reported assignmgit The C-F stretcheswere 3.5 kmmot1, respectively, are assigned to two weak bands
predicted at 909, 905, and 900 thwith strong infrared in- at 794 and 780cmt in the spectra of the krypton solu-
tensities and they are assigned to strong bands at 905, 89%ion. Therefore, there were several bands for each conformer
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intensity for the Metrans conformer as the temperature
f’ decreases, which is consistent with the ab initio energy pre-
\} dictions. The natural logarithm of the ratio of the intensities
| of each conformer pair were plotted against the reciprocal
of absolute temperature and these data points were fitted to
u the equation-In K = (AH/RT) — (AS/R). The AH values
were determined from van't Hoff plot ofIn K versus 1T
| AT whereAH/Ris the slope of the fitted line and intensity ratios
FT . .
I ‘; of conformer bands were substituted #r It is assumed
that AH is not a function of temperature over the relatively
small temperature range. The determirgd values ranged
from a high of 139+ 14cnt?! to a low of 63+ 10cnT?!
with an average of 102 6cm ! (1.21 + 0.07 kdmot1)

| JUL MeT+HT r with the Metrans conformer more stable than thetfans
Mer  FY MeTHFT MeT form. Similarly, the average enthalpy difference between
| | | | L // | the Meirans and Hirans forms was determined to be
1300 1200 1100 800 700 600 500 208+ 8cm! (2.49 + 0.10kJImot 1) with the Metrans
WAVENUMBER (cm™) form being more stable. These enthalpy differences should
Fig. 6. Mid-infrared spectra of 2-fluorobutane dissolved in liquid krypton be close to the Valu,e I_n vapor stdfe-22] since the_ thr?e
at—125°C. (MeT, FT, and HT indicate the Means, F-trans, and Hirans conformers have similar molar volumes and their dipole
conformer, respectively.) moments differ by less than 10%. The uncertainties in these

values are the statistical uncertainties which do not take
into account factors such as the presence of overtone or
combination bands in near coincidence with the measured
fundamentals. Therefore, a more realistic value for the un-

. . . . _ certainty should be at least 10% which results in values of
former pairs were utilized in this study to determine the

enthalpy differences. The spectra were recorded at temper 102::10enr* (1.21:+0.1.12 kI mof") and 208+ 21 cnv
. - 1 .
atures from—105 to —150°C with the sample dissolved (2.49+ 0.25kJImot™) for the enthalpy differences for the

in the liquefied krypton. The partial spectra of the krypton Me-trans/F-trans and Metrans’H-trans pairs. By utilizing
solution at different temperaturesig. 7), with the bands at the experimentally determined enthalpy differences in the

present study, the estimated abundances for theries;
493 and 457 cm! due to the Merans form and the bands .

F-trans, and Hiran nformer mbient temperature ar
at 588 and 418 cmt for the H4irans conformer and bands trans, and Hirans conformers at ambient temperature are

0 ;
at 490 and 436 due to the tFans form, show increased 50+2, 3141, and 19+ 1%, respectively.

which could be used for the enthalpy difference determina-
tions (Fig. 6).
Six Me+rangF-trans and six Metransg/H-trans con-

6. Disscusion

{\ The average values okH of 102+ 10cnT! between
| the Metrans and Firans forms and 208+ 21cnT! be-
, tween the Merans and Hirans forms with the Metrans
; form the most stable conformer shows that the ab initio
M MP2/6-311-G(2d, 2p) calculations with the predicted en-
ergy differences of 156 and 214 chfor Me-trans/F-trans
and Metrans/H-trans pairs are reasonably good predictions.

i
oo
e JNU//\ \% However, the MP2/6-31G(d) calculations gave incorrect pre-
P, \\\ | \\\ VA dictions on the relative stabilities of the second and third
\

/ \ stable conformers, i.e. ffans and Hirans forms, with the
ALMﬁ \d/ M H-trans conformer more stable by 31 crh which is con-
oA s \ \M trary to the experimental results. Ab initio calculations may
A s U \/\/\N\N\ give the incorrect results when smaller basis sets are em-
| , | ployed and the credibility of the conformational stability
560 500 440 predictions Qecreases if the energy difference betwe_qn the
conformers is less than 100 cth For example, the ab initio
WAVENUMBER (cm) calculations for both 1-chloropropane and 1-bromopropane

Fig. 7. Temperature dependent infrared spectrum of 2-fluorobutane in r€sulted in the wrong predictions when the smaller basis sets
liquid krypton (400-530 cm?) in the temperature from105 to—145°C. were utilized[2]. The RHF/6-31G(d) and B3LYP/6-31G(d)
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calculations gave the correct predictions on the conforma- conformers. The largest difference among the angles is for
tional stabilities, but the value of the energy differences are ZC1C>C3 with the value for Htrans conformer 1.3 larger

too high (Table 4 B3LYP results not listed). Therefore, the

second order perturbation level calculations with larger ba-

than those for the other two conformers. THE,C3C4 for
the Hirans form is larger by 1.2 and 0.5 than the cor-

sis sets are preferred for obtaining reliable predictions on responding angles for the Means and Ftrans forms, re-
the conformational behavior of the alkyl halides such as spectively. Additionally, theZC,C3F of the Firans form is
2-fluorobutane. Nevertheless, experimental enthalpy deter-less than the other two conformers by 0.8ompared with
minations are frequently necessary to verify the theoretical the fluorine and hydrogen atoms, the methyl group is much

predictions.

In the previous vibrational study of this molec(i#g, only
a few bands were assigned to the high enerdyahRs and
H-transforms. Many of the fundamentals in the “fingerprint”
region have been assigned for ther&as conformer and
several bands are also identified for therbias conformer
in the present study. For example, thedg stretch and the
CH; twisting fundamentalsvgg and v,,) for the Hirans
and Firans conformers, respectively, were not reported pre-
viously in the Raman spectrum of liquid. These two fun-
damentals, with predicted values of 790 and 771 tnare
assigned to the Raman lines at 795 and 782%mespec-
tively. The vz, and vy, fundamentals for the Hrans and

larger, and therefore, the values of th€,C3C,4 for the
H-trans and Ftrans forms are slightly larger than the cor-
responding angle of the Migans conformer where the two
methyl groups are in thgauche position. For the Hrans
conformer, both the fluorine and methyl group are in the
gauche positions to the first methyl group which generates
maximum steric hindrance and consequently, the value of
Z/CpC3Cy4 is the largest among the three forms. This steric
factor has practically no effect on the hydrogen atom and the
values of Z/C,CzHg which are essentially the same among
the three conformers.

All three conformers of 2-fluorobutane have only trivial
Cy symmetry. Therefore, the PEDs involve extensive mixing

F-trans conformers are assigned to the two weak bands at of the symmetry coordinates. For example,t@&l3 rocking

588 and 433 cmt, respectively, in the infrared spectrum of

the krypton solution. These assignments facilitated the en-

thalpy determinations, since values derived from multiple
pairs produce more reliable results.

The infrared bands at 494 and 461chin the spectrum
of the solid were assigned to the M@ns and Ftrans con-
formers, respectively, in the previous styéy. This assign-
ment led to the conclusion that the Mens and Firans
conformers coexist in the polycrystalline solid. However, the

fundamental (asterisk indicates carbon-1) for the théms
conformer (26) only has 11% contribution from the de-
scribed atomic motion. The GHocking fundamentalif1)

is extensively mixed and no contribution has a value greater
than 20% Table J). However, fundamentals for the carbon
hydrogen stretches and torsional modes are much purer with
the major contributions more than 60%. The situations for
the Firansand Hirans conformers are almost the same and
one-half of the 36 fundamentals have major contributions

assignment presented herein shows that the second band ikess than 50%. Therefore, the descriptions given to the nor-

the v31 fundamental for the Mérans conformer with the
predicted value of 459 crit. The calculated values for bands
in this region for the Rrans conformer are 482 cni for
v, which is too high and 432 crit for v, which is too low.
Eight fundamentals from the #ans conformer (5, v5,,
v5—V3,) and six fundamentals from the trans conformer
(V30 Vog—Vig Vao, andvy,) disappeared from the spectrum
of the solid with annealing. Therefore, it is very clear that
the Meirans form is the only conformer remaining in the
crystalline solid. Many bands in the spectrum of the crys-
talline solid show factor group splitting such as thg—v14,
V24—V27, V29, V30, andvzs fundamentals which are observed

as doublets. Therefore, at least two molecules must exist per

unit cell in the crystal.

mal modes are more for book-keeping than to give the atom
motions for the fundamentals, especially in the fingerprint
region.

The predicted potential functiofrig. 8) has been plotted
from the data obtained from the MP2/6-31G(d, p) calcu-
lations with full geometry optimization at the three transi-
tion states as well as the three stable potential minima and
a subsequent fit of the energies to an asymmetric potential
of the type:

S 3 v
V(g) = Z (j) (1 — cosi¢) + Z (E‘) sinig,
i=1

i=1

where¢ andi are the torsional angle and foldness of the

Most structural parameters obtained from the MP2/6-311 barrier, respectively. The potential coefficientg, Vo, V3

+G(d, p) calculations are similar among the three conform-

andVj, V;, andV; along with torsional transitional barriers

ers. However, some significant differences arise from the are listed inTable 8 On the basis of our experience with

backbone structure. The;C, bond distances between the
F-transand Hiransforms differ by 0.004 A with the Hrans
form having the larger value and it$Cs bond distance is

also larger than the corresponding bond distances for the

Me-trans and Ftrans forms by 0.004 and 0.002 A, respec-
tively. The GC,4 and CF bond distances and all carbon hy-

other moleculeg]1,2,9], it is expected that the barriers be-
tween the Rrans and Hirans forms are slightly larger than
the experimental values.

In the previous vibrational study of-butane, therrans
conformer is more stable with an enthalpy difference of
245cmt [3]. For the 1-halo substituted propanes, the

drogen bond distances are nearly the same among the thregauche form is the more stable conformer with enthalpy
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Table 8

Potential barriers and coefficients (ch) of 2-fluorobutang

Parameter Potential coefficient Torsional transition Potential barrier
Vi 394 Meitrans — F-trans 1249
\Z —138 Metrans — H-trans 1719
V3 1518 Ftrans —H-trans 1847
Vi —303 Firans — Me-trans 1103
v —224 Hirans — Me-trans 1511
Vi 196 Hirans — F-trans 1785
AE (Me-trans — H-trans) 208

AE (Me-trans — F-trans) 146

8 From MP2/6-313%G(d, p) ab initio calculations.

differences of 100, 52, and 72 crh for the fluoride[1], atoms, have lone pair electrons and the hyperconjugation
chloride, and bromid¢2], respectively. Based on these ex- between the methyl group and the substituents is believed
perimental results, the Mgans form is expected to be more  to be the major factor which causes thalo-trans form
stable if both the methyl group and halogen atom are on to be less stable where the distance between the methyl
the same atom. For 2-chlorobutane and 2-bromobutane, thegroup and substitute is large. The CN ang@groups are
electron diffraction studiefl] indicated that the Mérans also electron-rich moieties and we expect the same hyper-
form is the lowest energy conformer whereas théras conjugation effects exist and consequently, the thées

and Br-trans forms are the highest energy forms for the form with the substitutentgjauche to the methyl group
chloride and bromide, respectively. However, studies from iS the most stable form. Compared with the electronic ef-
temperature dependent infrared spectra in krypton solutionfects, the steric factor is probably less important for these
utilizing seven conformer pairs for both the chloride and kinds of molecules. For instance, the Ntens form for
bromide showed the Itans conformer as the highest en- 2-bromobutane is more stable even though the Br atom has
ergy form for both molecules with the enthalpy differences @ much larger size than the methyl group.

of 223 and 226 cm!, respectively, between the Means

andhalo—trans forms[23,24] Similar results were obtained

for butyronitrile[6] and 2-methylbutyronitril§8] where the ~ Acknowledgements

gauche and Metrans forms are the lowest energy forms, re-

spectively. For 3-methyl-1-pentyne, the Nrans form was JRD acknowledges the University of Missouri-Kansas
predicted as the more stable from the MM2 calculations City for a Faculty Research grant for partial financial sup-
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