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Crystal Structure of Butyric Acid*

By Fredeérick J. Strieter’ and David H Témpleton

Lawrence Radiation Laboratory and Department of Chemistry

University of California, Berkeley, California, U.S.A.

According to single-crystal three-dimensional
X-ray data, n-butyric acid crystals at -43%

are monoclinic with a = 8.01 + 0.08 A, b = 6.82
£ 0.02 A, ¢ = 10.14 ¥ 0.03 A, p = 111° 27" + 15'.
With 4 molecules per unit cell, the calculated
density is 1.135 g cm 2, This structure exidts
from the melting point down to about -550 where

it changes to a second phase of unknown structure.
The_structure is describéed in space group gz/g.

The molecules occur as dimers with the oxygen and
carbon atoms im the mirror plane, but with large
amplitudes for out-of-plane vibrations. A structure .
in space group C2 is not ruled out by the calculations,
but is considered less likely than the structure in |
gz/g. The bond distances, after corrections of

up to 0.03 A for thermal motion, are C-0 = 1.22

and 1.35 A, C-C = 1.5%, 1.53 and 1.53 A (in order

from carboxyl to methyl), each *0.02 A. The hydrogen
bond length is 2.62 A.

*Work done under the auspices of the U.S. Atomic Energy Commission.

+Present address: Texas Instrhments Inc., P.®. Box 5474, Dallas, Texas
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" Introduction

The structure of crystals of n-butyric acid (CH CH CH COOH)

3
has been studled by X ray diffractlon as a sequel to the work on
prOplOnlC a01d (Strieter and Templeton, 196X) Butyrlc acid melts
at -5. 5 C (Tlmmermans, 1950) Prellmlnary experlments indicated

a phase change in the vicinity of -550. We have not.investigated'
vthe Structure‘of the low:form because the crystai was always twinned
or fraémented; Thrs paper reports the structure of the high form,
determinedpat‘a_temperature of -43°. Scheuerman and Sass (1960),

before-learning of our work,’obtained s1m11ar results for the un;t

ceil and probable space groups.
Experimental Procedure

. A small'quantity of E—butyric acid was sealed in a glass

capiilary O.é mm'in‘diameter and mounted in the same Weissenberg
‘camera that_was used in the study of propionic acid (Strieter and
Templeton, 196X). Tne melting point of this sample was observed as
-70. The dlscrepancy with the llterature value of 5 5 ‘may not
te 51gn1f1cant because a very slow rate of cooling gas flow was
used at this temperature,vand the thermocouple may not have been

at the same temperature as the sample. | -

A 31ngle crystal was grown 1n-the usual manner. Rotation and
Welssenberg patterns were taken W1th CuKey radlatlon and with rotation
about the a axis. The temperature was —43 + 2° C. The unlt cell
dimensions were determined.from'avcalibrated zero-layer Weissenberg

photograph and uncalibrated rotation and higher-layer patterns. The
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‘zero-layer photogn%ph was not calibrated directly with a quartz pattern,

- but with the rotation pattern oftﬁesbutyrlc acid sample at 195

It had been hoped that 1nformatlon could be gathered about the
low-temperature form, and it was‘impossible tocpreserve'the crystal

and still make a quartz calibration. The.ioﬁ-temperature Zero-

la&er Weissenberg photograph was in turnacalibrated with a zero-

layer strip of the rotation pattern of quartz'(a = 4.913 K). The
monoclinic angle B was determined by the method of,angular lag.

The inteasitdies of varioue reflections were estimated visually
on multiple-film Weissenberg patterns (h =0 to h = 6) By oomparison
with a standard film strip on which the same reflection was exposed
for-various times. All of these films were "Ilford Indastrial G".

" These observations included 353 independentvreflections plus 8k
others which were recorded as too weak to be observed. No correction
for absorption was deemedvnecessary since ur was estimated as less
than 0.15.

The_ecale factor for each value of h was adjusted as a variable
in the isotropic least-squares refinements. .Later this scaling was
modified as described below to make it consistent with intensities
observedvon the rotation pattern, which extendedronly to the third
layer.

Unit Cell and Space Group

The monoclinic unit cell dimeﬁsions-at -h30 are:

=8.01 +0.084a b =6.82+ 0.02 A ¢ = 10.14% £ 0.03
B =111° 27 £ 15"

Scheuerman and Sass (1960) found the values (at 30 F

I+

= 8.08 + 0. o2 A - 6.83+ 0.02A ¢ =10.10 £ 0.02 A
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p=111°9' £ 12"
The diserepancies are reasonable considering the accuracy which is
claimed. _With‘fourvmolecules per unit cell, the denslty ealculated
from'our‘data‘is l,l35 g'cm—3. The density at 212° is reported to

be 1.0875 g.cmn3 (Rozental, 1936) .

The Laue symmetry, Z/m, and the systematic absences correspond

to a C- centered ‘monoclinic lattlce  The probable space groups

are gz/g,-gz, and Cm. A satisfactory refinement was carried out
nwithvthe assumption of EZ/E with each atom (except some of the
hydrogen atoms)_in,the special positions'cn the mirroy planét

W(i): £ (%, 0, 2) + 9;

As described in more detall later; it is diffieult to rule out

a structure in space group C2 with atoms displaeed very slightly
‘from‘y =‘O.. However, we reportvsPace group'gz/g as the most

plausible.interpretation of the data.

"~ Determination of the Structure

A three dlmen51onal Patterson function’ showed that the heavy
atoms must lie ln or near the planes y = 0 and Yy = l/2 The same
conclusionvfollows from the obsermatlon that the intensities,
apart from the usual angular dependenee and‘the'entinction rule,
are notwvery dependent on k for a glven h and 1. The assumption
of a dimer, like that of proplonlc ac1d 51tuated ln the mirror
plane of group CZ/m led to a trlal structure whlch was consistent
w1th the Patterson functlon and whlch had eoordlnates Wthh dlffered

by less than(LOZ from our flnal values for carbon and oxygen atoms.
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The structure was refined by the method of least squares with
the IBM-650 computer using the nearly—diégonal.program "IS-I1"
(Senko, 1957). Reflections were weighted as in thé last cycles of
choline cliloride (Senko and Templeton, 1960)}"The'atomic'scattering
factors of Hoerni and Ibers (1954) for carbon ‘and oxygen were used
in all calculations. In this'program,'ihdividual isotropic temper-
ature factors are used. |

After many cycles, the conventionalwﬁﬂﬂidbility factor R.was
reduced to 0.157; but the bond distances were unsatisfactory.
Additién of hydrogen atdms at assumed positions, with furthef
refinement, reduced R to 0.128. An additonal cycle, with hydrogen
atoms omitted; gave.g = 0.159. '-

- Far this structure, C—C bond lengths were 1.48, 1.52, énd
1.49 A, and C—O Bond lengths.wefe 1.19 and 1.34 A.' We were
dissatisfied with these results. V

A three-dimensional_difference synthésis showed positive
peaks in positions indicating large thermal vibration perpendicular
to the mirror plane, or alternatively, small displacementé of atoms
from this plane. Earlier, attempts had been made to refine‘the
structure in space'group Cz2, with atoms slightly displaced ffom
the plane. If the atoms are all neérly in the plane, then each
'glgl/az-is néarly zero,vand the program faiis tovqperate properly.
If larger displaceﬁents are made, the program shifts atoms back
toward the mirror plane. |

At this point in the work, the IBM-70b computer became available
~to us, and a refinemeﬁt with anisofropic'temperature factors was

undertaken with the Busing. and Levy (1959) program, using only the
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observed reflections.. Hydrogen atoms were omitted. The scale
.factors for the’lajers were taken from the isotropic refinement.
After five cycles, shifts were negligible‘andfg’vés 0.127. The
final calculated: structure factors are compared with the observed
structure factors in table 1. The final atomic coordinates and
temperature parameters are given in Tables 2 and 3. .

.

Discussion of the Thermal Motion and Structure

‘

The anisotropic temperature factor of each atom in the mirror

2 A

. ey . . '
plane is of the form exp Gﬁllb_ A SR -ZBISEéj. The correct

33

evaluation of the thermal parameters Bi. obviously requirgs proper
scaling of the data. By observations“;rom the rotation pattern, it
was concluded that the data of Table 1 would be more correct if

each observed structurevfactorvwére multiplied by the factor exp
(0.0085 Ez). It this is done, then 0.0085 must be subtracted from
each ﬁll'in Table 3. Because the layers above the third were not
recorded on the rotation photograph, the accuracy of this correction
is very poor. The accuracy of the 613 values is also doubtfﬁl,

but the values obtained are plausible; To facilitate the discus-
sion of these parameteré, the temperature facfors B in the expres-
sion e#p (-B sin’ o/xz) for the principal axes éf thermal motion -
are listéd in Table k. The directions of the érinéifal axes in the
-ac plane are determined poérly,'but fbr most of the éfoms the larger
motion in this -plane is approximately traﬁsverse to the skeleton of
the molecule. - -

In spite of the uncertainty concerning the details of the

thermal analysis, it is clear that there is considerable
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displacement of the atoms from the mirror'plane. This displacement o
‘ig measured by 822, which like Qégfisvreiatively independent‘of |
.the doubtful scale factofs. The largest azz; that of etom Ch’ i
corresponds to a root mean square displacement of 0.39 A. In
propionie¢ acid (Strieter and Templeton, 196x) the terminal carbon
atom is 0.28 A out Qf the plane of the'rest“df the skeieton. “We -
suggest that in the butyric acid crystal.the‘molecules tend to be
similarly non-planar, but that the distortions are randomly up and
down and that a.parficular molecule vibrates from one configuration
to the ether. Even theylargest r.m.s.’amplitude is'ﬁot’greatly
different from the amplitudes of the in-plane‘Qibrations, whose
average is about 0.28 A. ;This fact makes us consider it uﬁlikely
that the molecules could have an ordered structure in space group cz
at this temperature. A proper analysis of our suggested structure
would require consideration of the effect of the.assumed‘double
minimum of the vibration potential on the mathematical fofm of the
temperature factor. To rule out space éreuplgz by the diffraction
data (if it could be done) would require further ealCulation, for
example by leaet squares with consideration of the terms in
BZ‘EI/BZZ. Circumstances do not permit us to undertake such cal-
‘culations at this time, and they probably are not justified without
more reliable scaling of the data. |

This dynamic disorder cou1d.not persist at a lowvtemperature;
The phase cﬁange at —550 goes to another structure which we suggest .
containe nonplahar molecules in_a less symmetrical environment.

The large thermal motion tends' to'make the observed bond lehgths

shorter- than the true values. The correction requires ‘assumptions
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concerning thé details of the thermal motionm, but‘must include a
term of the'ordér of (gi fgi) /l6ﬂ29; where Ei ang Ej are the
temperature faétors fo£—the b-axid direction for”the—two atoms and
d is the and distance. With the most optimistic assumptions, the
in—plane Vibrations‘are unimportant, and the correction ranges from
0.013 to 0.027 A for the various bohds in the molecule. The
observed bond lengths are compared with the corrected values in
Table 5. Other kinds of assumptions give larger corrections and
unreasonably long bond distanceé,

The arpangement of the molecules in the unit cell is shown
in Pig. 1, &hére broken lines represent the hydrogen bonds which
connect the molecules of each dimer. The obéerved molecular

) : ‘

dimensions are shown. in Fig. 2. Standard deviations are.0.0Z A or
less for bond distances and about lo for bondvangles._.In fhese
estimates no considération}is given to systematic errors such as
the effécts of the thermal motion. The inaccuracy of the cell
dimensions makes a considerable contribution to these errors.

Thebmolecular shape is very'analogous to that of prqpionic
acid (Strieter and Templeton, 196x). The bond distances were shorter

than expected before correction for thermal motion,vbut are quite

nmmM.WEQCMT&tw”

We thanler. I. Olovssoﬁ for his help with the lothempérature
apparatus and Mrs. H;'w. Ruben, Dr. R. P. Dodge) Dr. G. L. Hardgrove
-and Dr. Q. C.-Johnson for assistance in the calculatiphs. We are
indebted to Dr. D.W.J. Cruickshank for a remark éoncerning rotation
of sulfate groups at just the right time to make us realize the

importance of the motion correction in this problem.
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Table 1, Structure factors for butyric acid. In esch group of

colurms are listed ¢, the observed magnituce of the structure fector,

and the structure factor with the

factors. The

ale factors for the various values of h sre
discussed in the text. The letter "Xr marks a structurs factor wAich
wae given tero weight in the final calculations. The reflections 201,
L0Z, U03, and 603 to 6,0,I0 were not photographed. Other reflections
missing from the 1ists were too weak to be observed, with limits for

dotection ranging from L to 12 on this scale.

H=0
Xa0 K=2 K=k K=b
350 400 0 677x 905 0 348 308 0 100 82
38 35 1 325 218 1121 107 1o 32
54 -58 2 w3 26 3 41 -6 317 -16
299 ~220 3 61 -5u « 73 -73 4 31 =27
9% 93 4 163 -158 5 16 22
132109 5 60 64 6 28 29 k=8
21 22 6 83 77 8 16 -13 o "z 20
32 -39 7 ie 17 9 10 -1
36 -32 8 26 -29
9 2t -2
Hal
xs1 K=l k= K=5
13 1e 7 22 -19 1 265 265 -3 4B =49
38 3 8 40 -u0 2 %% -85 -2 12 -3
ol 42 9 a4z -35 3 47 45 =l 12 =11
0 70 10 16 -19 4 99 -9 0 43 a3
159 157 5 106 -o8 188 a8
192 155 k=3 7 16 -12 W 36 =32
“1 -9 26 23 8 18 -23 5 36 -35
206 -212 -8 22 2% 9 19 -21 € 8 -8
20 -7 38 41 10 8 -1l
196 133 -6 84 84 K27
82K ses =5 76 13 k=5 -3 17 -1
471x 581 -4 10 16 -5 8 11 1ol 2
187 -148 -3 111 -118 -8 10 10 4 9 -8
8 -93 -2 10 =10 -7 15 17 5 1. -10
196 =176 -1 23 -a0 -6 22 27
211 -177 0 139 131 -5 19 17
H=2
K=0 K=0 k=2 Kak
131 8 1 -7 513 -4 2 1z -9
20 -12 s 17 <19 3 40 -4
21 -23 Ka2 7 10 8 4 26 22
102 9% -10 le -1l 8 171 -5 6 10 -9
6 81 -9 18 -18 9 8 -s 5 12 -9
86 99 -8 11 77
7 -7 54 13 K=4 K=b
349x-233 -6 71 78 =9 - -8 14
381 -309 -5 27 19 -p 40 38 -7 15 13
295 -297 -4 172 164 -7 31 33 -6 13 17
304X-344 =3 171 ~213 -6 36 41 -4 16 =19
136 -96 -2 247 -210 -5 9 8 -3 18 -23
114 -82 -1 48 =55 -4 50 -¢6 =2 27 =29
224 -207 0 225-213 -3 81 -81 -1 10 -
26 w0 1 66 -64 -2 A9 -8B o 23 -19
21 -22 2 62 =53 -1 26 -23 4 219 12
29 -2% 3135 140 o 8k -71
e 12 o 24 33 115 -2t
He3
Ks1 k=1 Ke3 Kes
1212 5 140 133 157 -6l -2 25 =26
18 -17 6 61 sl 2 22 -27 o 16 13
24 =22 T 26 29 3 32 -32 125 -19
110 -9 4 19 17 2 16 -13
78 -64 k=3 5 92 B 3 14 -9
9% 88 -12 8 8 6 38 38 a1 9
110 -1 13 -1 T g 5 36 33
65 47 <10 18 -16 6 16 16
180 <162 -9 65 = K=5 T8 &
366 =361 -8 37 -37 -10 9 -9
177 =161 -7 47 85 -9 30 -26 ka7
-6 18 18 -8 12 1s -7 ]
106 98 -5 36 37 -7 28 24 -6 1 1
80 -72 -4 77 -82 -6 14 14 -5 133 10
46 =38 -3 182 -178 -5 20 23 -3 15 =}
60 -85 -2 82 -4 26 -2
22 28 0 45 50 -3 50 -5a
Hed
ka0 K=2 K=2 K=4
1 9 -1z 9 7 6 49 4@ 3 13 -1z
7 -9 =10 26 =29 7 14 17 “ 16 -10
29 -36 -9 28 -29 5 15 15
36 -38 -8 96 -94 K=k 6 28 26
143 -120 -6 76 1T -10 14 -1S 71 10
103 102 =5 22 15 -9 14 -16
12 15 -4 106 111 -8 4T -47 Kx6
180 150 -3 30 =30 -6 35 35 -9 -
126 151 -2 26 -29 -5 15 13 -8 16 =17
181 .16l -1 102 105 -4 47 53 -6 10 1
11121 0 125 11z -3 12 -11 -5 8
17 -15 115 86 -2 10 -10 -4+ 20 21
22 -22 2 s -1 3% 8 -1 9 8
40 40 2 17 -15 0 .68 4“0 ] 9 k)
.66 60 4 <1 -18 12y %2 18 s
21 20 5 30 31 2 1 - “« 7 -3
Hes
K=1 Kwl K=3 K=5
8 9 328 -40 o0 s2 45 -1 214 21
9 7 4 31 -32 11 -3 o 15 1%
10 -2 5 26 -21 2 16 -15 2 1 -7
26 23 3 23 -2 3 12 -13
15 -20 xa3 i 23 -0 PR U]
2 8 -11 1 s s 16 ~-13 s 5 -5
3.2 -8 10 12
127 131 -7 18 =17 K=5 K=7
32 3 -6 39,40 -7 12 -1l -3 12 9
87 83 -5 16 15 -& 1 - s 7
88 81 -3 71 75 -5 1 2
18 -2 -2 i8 22 -3 36 30
22 -23 -1 e« 50 -2 10 12
. H6
K=0 ke2 Ke2 K=&
2 23 -1z 21 19 2 40 -s3 -1 10 10
1812 -11 13 10 3 30 -30 o 22 23
19x 33 -8 22 17 o 1% -13 2 22 -20
4 T -1 32 3% s 8 -6 3 -1s
49 65 -5 6 12 4 8 -0
sS4 <86 -& 87 79 k=4
4l -39 -3 55 -54 -8 10 8 K»6
19 =22 -2 23 27 -7 16 16 -4 19 ~16
12 -8 =1 8 9 - 48 -0 -3 1 -8
o 3 38 -3 26 -25 0. 13 10

UCRL-9T46



Table

Atom .

Oxygen

Oxygén

- Carbon

Carbon
Carbon

Carbon

Atom

Oxygen
Oxygen
Carbon
Carbon
Carbon

Carbon

2. Atomic Coordinates and standard deviations. .

1 0.2359
2 0.9987
3 0.1582
4 0.2932
5  0.2072
6 0;347;

-14-

0.0379
0.8382
0.8986
0.8248

0.6647

0.5968

a(x)
0.0006
0.0006
0.0010
0.0010
0.0013

0.0012

Table 3. Anisotropic temperature parameters

P11
1 0.0334%
2  0.0310
3 0.0303
b 0.0361
5 0.0426

6 0.0423

o
0.0595
0.0470

0.0298

0.0466

0.0651

0.0501

T Ps3

0.0150
0.0159
0.0183
0.0182
0.0190

0.0236

613'
d.oo§1
0.0089
0.0095
0.0091

0.0135

0.0189

UCRL-9746

a(z)

0.000k
0.000k
0.0006
0.0007
© 0.0008

0.0008

PR
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Table 4. Principal temperature factors.

Atom . ,E_,,Az‘ - Anglea
(b axis) (ac plane)

Oxygen 1 11.1 6.0, 5.0 o us®

Oxygen 2 8.7 5.9, 4.3 130°

Carbon 3 5.5 6.6, 4.2 120°
 Carbon b 8.7 6.8, 5.6 140°

Carbon 5 12.1 8.1, 5.4 1550

Carbon 6 ' 9.3 9.9, b1 140°

aAngle between ¢ axis and direction of smallest motion,

with ahgle to a axis acute.
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Table 5. Bond distances as observed and after

correction for thermal motion

0

Bond | Observed length . Corrected length
1-03 ‘ 1.32 4 , 1.35 A
0,-C5 - 1.20 122
03-04_ 1.52 _ 1.54

Cl._--C5 1.51 : 1.53

05f06 | | 1.52 | 1.53
0,-H...0, 2.62 | . 2.62

RS
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MU-23786

Fig. 1. Crystal structure of butyric acid projected along [o10].
" The parallelogram indicates one unit cell. The heavy lines
represent molecules at y = O; the lighter ones, molecules

at y = 1/2. Broken lines represent hydrogen bonds.

|
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MU—-23787

Fig. 2. Observed molecular dimensions, before correction for
thermal motion. All atoms shown are in the same mirror plane. -
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