Thermochimica Acta 51
Elsevier Publishing Compaany, Amsterdam
Printed in Belgium

THE ENTHALPIES OF FUSION AND TRANSITION
AND X-RAY POWDER PATTERNS OF 20 DI-n-ALKYLARSINIC ACIDS

MirroN R. SayiitH, KURT J. IRGOLIC, EDWARD A. MEYERS, AND RALPH A. ZINGARO
Department of Chemistry, Texas A& M Unicersity, College Station, Texas 77840 (U.S. 4.)
(Received August 22ad, 1969)

ABSTRACT

The enthalpies and temperatures of fusion and of transition for tweaty. arsinic
acids, R,As(O)OH, have been mcasured by DTA, where R = n-alkyl, CH; through
n-C,oH,, inclusive. A crystalline transition occurs for acids n-C¢H,; through
n-C,oH;, but not for CH; through n-CsH, . The enthalpics of transition vary from
3.9 kcal/mole (Cg) to 12.2 Kcal/mole (C, ;), and show an alternation with change from
an even acid to an odd acid. The enthalpies of melting show a reverse alternation, so
that the total enthalpy of fusion plus transition does not show a regular pattern of
alternation. The X-ray powder patterns for the twenty acids have also been ¢btained,
as well as single crystal data for the C; and Cg acids. These data indicate that all of
the compounds crystallize in the triclinic system and that the [010] spacing of the cell
chosen increases regularly with chain length.

INTRODUCTION

The synthesis of sixteen n-alkylarsinic acids (R.As(O)OH) was reported re-
cently!. As a result, a complete series of these compounds has become available in
which the n-alkyl group varies from C, to C,,. It was observed' that there was an
alternation in the melting points of the acids with increasing chain length and that an
endothermic process occurred just prior to melting for some of the compounds.
With the exception of dimethylarsinic acid, little was known about the physical
properties and structures of these compounds, so a systematic investigation of some
of their properties seemed desirable.

In this study, the enthalpies of transition and melting for the available arsinic
acids have been measured by DTA. and X-ray powder patterns have been obtained
and correlated with the single crystal data available?->.

EXPERIMENTAL

Materials
Commercially available, Fisher Purified Grade, dimethylarsinic acid was
crystallized from hot ethanol. Diethyvlarsinic acid was prepared in a manner similar
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to that described previously' with the exception that HgO was substituted for H,0,
as the oxidizing agent in the preparation. (The vield with HgO was 67% whereas no
product was obtained from H,O, oxidation.) Dipropyl- and dibutyl-arsinic acids were
prepared by the method described by Quick and Adams®. and the acids Cs—C,, were
available’.

In order to obtain finely divided samples that did not require grinding for
DTA and X-ray powder studies, portions of the acids were recrystalliced by rapid
cooling of hot saturated carbon ietrachloride solutions. Single crystals of dibutyl-
arsinic acid were grown as colorless prisms from slowly cooled aqueous solutions.
Only twinned crystals of dioctylarsinic acid could at first be obtained in crystallizations
attempted from a number of solvents and under a variety of experimental conditions.
However, crystals of suitable quality at last were grown by the siow evaporation of
an ethanol-acetic acid solution.

Indium metal, purity 99.999%, was purchased from K & K Laboratories, Inc.

DT methods

A Rcbert L. Stone Co. Model KA-2H differential thermal analysis apparatus
with J-2 furnace platform, F-1D furnace and SH-11BR4-InZ (dual) sample holder
was used. The reference thermocouple was Pt-Pt 10% Rh and the diflerential thermo-
couples were Platinel 1I. This instrument was equipped with dual amplifiers and
recorders which made 1t possible to run two samples simultaneously. In order to
lower the heating rate to 1.70 +£0.4"C/min with the program rate set at its lowest
value, a 39,000-Q resistor was installed in series with the 5000-Q variable potentio-
meter in the T. C. selectro switch circuit. Chart speeds where 24.4 and 24.9 in.;/min
for the X, and X, recorders. respectively, and the range for both recorders was
96 1V full scale. Samples and reference material were contained in small aluminum
pans, 0.25 in. in diameter and 0.123 in. in depth, stamped from aluminum kitchen foil
with a small die and cutter.

Inorder to calibrate the DTA apparatus, six samples of indium of approximately
2mg (m.p. 157°, neat of fusion 0.781 kcal;mole)® were weighed in the aluminum
sample pans on a microbalance to +0.003 mg. Thermograms of three pairs of indium
samples were run 5. 4.0 mg of aluminum as reference from 25 to 200°C. Endothermic
peaks were observed at 157 -C. Areas encompassed by these fusion peaks for the six
indium samples were each measured three times with a planimeter. From these areas
and the known heat of fusion of indium the responses of the X, and X, systems were
calculated in cal/area. Three values each for the X and X, systems were averaged and
these mean values used in subsequent calculations. Standard deviation for the cali-
brated responses (cal/area) of the X;, and X, systems was 2.3%.

For each of the twenty arsinic acids, two samples of approximately 3 mg each
were weighed in aluminum sample pans on a microbalance to +0.003 mg and sub-
sequently run simultaneously against 4.0 mg aluminum from 25 to 200°C. The curves
which resulted displaved well defined peaks and very little drift in the base lines. Each
area below the base line was measured three times with a planimeter and the average
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area used for the calculation of uncorrected A/ in Table 1. The standard deviation
for all values of AH was 3.5%. Due to the difficulty of resolving the two overlapping
endotherms of the C;; acid, the deviation might be larger in this case.

TABLE I
ENTHALPIES OF FUSION AND OF THE CRYSTAL TRANSITION FOR DIALKYLARSINIC ACIDS

R Temp. (*K) AdH uncorrecred AH correted
(rransirion) (kecal‘mole) (kcal:male)
fusion (transition) (transitior)

Jusion Sfusion

CHj; 473 517 496

C,H, 411 3.64 4.75

CsH- 408 311 5.27

C.iHy 412 6.90 7.04

CsHy, 405 8.34 8.60

CeH,3 (393) (3.75) (3.93)

405 5.65 5.82

CzH;« (389) (4.63) (4.86)

399 6.94 7.20
CgH,- ¢379) {(3.62) ($.95)
402 8.26 8.35
CoH ;o (383) (5.48) (3.81)
39% 8.78 9.11
CioHa2, (380) (3.51) (5.85)
400 9.76 10.12
Ci:iHa; (383) {6.77) (7.18)
396 10.33 10.78
C;-H:s (385) (7.09 (7.530)
398 11.38 1.8}
C,3H,; (3838) (8.26) (8.72)
396 12.08 12.60)
Cx 4H29 (390) (8.93) (9.38)
397 13.38 13.91
C;sHi; (390) (10.55) (11.09)
396 i4.56 1519
Ci;eHizs (389) (10.77) (11.33)
395 15.31 1597
C,-His (390) (11.57) (12.17)
393 15.63 16.39

C,sHss 394 29.45 30.80

C,9H;o 393 32.80 34.41

CioHu: (383) {9.02) (9.35)

393 17.51 18.37

Since the output voltage of the differential thermocouples is a function of
temperature, and since this output voltage directly affects the area of any DTA peak
observed. it was necessarv to introduce a correction factor into the calculation of
AH at temperatures different from 157°C. For example, from tables published bv
Olsen and Freeze®, the output voltage of the differential thermocouyg _:s at 157°C was
calculated to be 0.0386 mV per degree difference between sample and reference
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temperatures. At 200°C, the calculated output voltage was 0.0402 mV/degree dif-
ference. Thus, the uncorrected 4H of fusion of dimethylarsinic acid (m.p. 200°C)
is too large by a factor of 0.0402/0.0386. The inverse of this ratio is 0.960 and is the
T. C. correction factor which has been applied to give the value of the corrected 4H
which is also listed in Table I. The A4H of fusion and transition for the other acids
are similarly corrected.

X-ray methods

A small colorless prism of dibutvlarsinic acid was selected from crystals grown
from a slowly cooled aqueous solution and placed in a thin-walled (0.01 mm) glass
capillary. From precession photographs (MoKz radiation, 2 = 0.7107 A, Zr filter)
the unit cell was identified as triclinic. For convenience, the refiections were indexed on
the basis of 2 B-centered cell. @ = 8.38(2), b = 13.12(3), ¢ = 10.39(2) A, x = 91.5(5),
B = 89.38(3). y = 98.3(5)°, Z = 4'cell. d(X-ray) = 1.31, d(flotation) = 1.32 gjcm’.

A number of crvstals of dioctylarsinic acid. grown under a variety of conditions,
were examined with a Buerger precession camera (Zr filter. MoKz radiation) and in
all cases some twinning or other irregularity was observed. From the best crystals,
grown from ethanol-acetic acid. it was found that the crvstals were triclinic, with
a=283,b=230,c =100A,2=2988 = 89.7y = 95°, Z = 4/cell, d(X-ray) = 1.15,
d(flotation) = 1.12 g‘cm’.

A finely divided sample of each of the twenty arsinic acids was packed and
smoothed into a I x I x0.2 cm? cavity in a flat plastic plate for examination at room
temperature with a GE XRD-5 X-ray diffraction unit equipped with SPG spectro-
goniometer, No. 2SPG deiector and No. 2SPG Speedomax recorder. Ni filtered Cu
radiation (. = 1.541S8 A) at 35 kvp and 21-mA settings were used with 1° beam slit.
The counting range was varied. as required. from 1000 to 5000 counts/sec, the scan
rate was 1°/min and 20 ranged from 2 to 40° (approximately).

RESULTS

Differential thermal analysis (DTA)

The numerical results obtained from the DTA measurements of the twenty
arsinic acids studied are given in Table I. Three DTA curves, typical of those obtained,
are shown in Fig. 1. A well resolved, endothermic peak was observed prior to melting
for the C,; through C,- acids and for the C,, acid. No such peak was observed for
the C, through C; acids and only a shoulder on the low temperature side of the peak
that corresponds to melting was observed for the C,g and C,;, compounds. The
largest temperature difference between the melting point and the transition endotherm
vias 23~ for the Cg acid and ‘he smallest measured difference was 3° for the C,4
compound. Thermogravimetric analyses of the C,, C;, C;, Cg, C;4,C,5, Cg,and C,4
acids showed that no weight losses took place in the samples up to 250°C. Therefore,
the endothermic peaks cannot be attributed to either decomposition or anhydride
formation, but are likely to be due to a crvstalline transition.
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Fig. 1. Some representative DTA thermograms for the diafkylarsinic acids.

In Fig. 2, the enthalpies of transition, the enthalpies of fusion and the sums of
these two quantities are plotted against the number of carbon atoms per alkyl chain.
The phenomenon of alternation is most apparent in the values measured for the
enthalpies of transition, 4Hf,,. Proceeding from an acid with an odd number of
carbon atoms in each chain to the next higher even member of the series, the increase
in AH,, is always small and in many cases is practically zero. Proceeding from an
even acid to the next higher odd member of the serics, a marked increase in AH,,
is observed.

The values of AH, show a trend towa:d a reverse alternaticn, i.e., the increase
in 4H in going from an odd to the next higher even member of the series is, in many
cases, greater than that observed in going from even to odd. The combination of
these trends causes 4AH ;. the sum of the heats cf fusion and transition. te display
no regular pattern of alternation. The value for the C,, compound is somewhat
disnlaced from the trend established by the lower members of the series.

In Fig. 3 the vaiues of the entropies of transition, 45,,, the entropics of fusion,
A4S, and the sum of the two entropies, 457, have been plotted against the number of
carbon atoms in each alkyl chain. The entropies show essentially the same behavior
as that observed for the enthalpies, e.g., the plot of 4S,, shows the pattern of alternation
while that for 451 does not. The value for the C,, compound is again significantly
removed from the established trend of the other members.

X-ray data

The results of single crystal X-ray data obtained from examination of dibutyl-
arsinic acid® as well as cell dimensions obtained for dioctylarsinic acid were used to
assist in the interpretation of the powder data, since they supply values of the cell
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dimensions for ttvo members of the series, and so permit the reflections observed to
be indexed. The crystal spacings as obtained from the powdered acids are shown in
Table 1. Except for the C, acid, the [100] and [001] spacings remain essentially

TABLE 11

CRYSTAL SPACINGS I'N THE DIALKYLARSINIC ACIDS DETERMINED BY X-RAY POWDER STUDIES
R dico (A) doso (A) dgo: (A)
CH, 7.0 5.60 S.46
C:Hs |38 7.91 10.36
CiH- 8.4 10.58 10.30
C.H, 8.38 12.99 10.38
C<H;, .38 15.63 10.42
CsH; ;5 g8.38 i8.04 10.30
C.H;« 822 20.55 10.30
CsH, - 3.50 2297 10.18
CsH,o 8.30 25.65 10.15
CioHa; 8.38 27.99 10.02
C;iHas §8.38 30.68 10.12
C,-Has 8.34 3290 9.90
Ci3Ha. 8.34 35.51 10.06
C;:Hao 8.38 37.99 9.90
CisHa; 8.24 40.18 10.42
CisHss 8.34 43.09 10.40
C,sH;s 8.34 4592 10.06
CiaHss $.30 4314 9.96
Ci9Hio 8.30 50.52 10.02
Cao0Hax 8.3% 60.07 10.12

constant while the [010] spacings increase regularly. The increase in the [010] spacings
also exhibits a slight, but probably real, alternation. The incremental increase in
dyyo is greater in: going from an even to an odd member (2.64 A from C_ to C;) than
in going from tke odd to the next higher even member (2.41 A from Cs to Cg). This
alternation is relatively consistent although some exceptions are noted, e.g., from
C,;;to Cy ;5. In Fig. 4, the number of atoms in the alkyl chain have been plotted against
the [010] crystal spacings. Although a straight line may be drawn through the first
nineteen roints, the C,, derivative is once again far removed from the plot.

DISCUSSION

The theory of quantitative differential thermal analysis has been discussed by
Smothers and Chiang’. David® has shown that DTA apparatus which has been cali-
brated with a siagle, easily handled material may be used under nearly equilibrium
conditions for the measurement of reliable enthalpies of fusion of organic and inor-
ganic compounds. In the present study care has been taken to hold constant as many
variables as possible in order to obtain reliable values of the enthalpies of fusion
and transition.
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Fig. 2. Plot of 4H of transition, fusion. and total cs. the number of carbon atoms per chain.

The graph of 487 = 4S,,+ A4S, vs. the number of carbon atoms per chain for
the twenty arsinic acids (Fig. 3) consists of a practically linear portion for the higher
members of the series but shows a marked deviation from linearity for the lower
members. Since no evidence for a phase transition was observed for the C, through
Cs acids, (4S,, = 0), it is necessary to consider whether the observed deviation from
linearity is likely to be due to marked differences in structure of the room temperature
modifications of the crystals of the lower and higher members.

Values of 4S5 are available for n-alkylbenzenes and n-alkylcyclohexanes® and
for the odd and even series of saturated carboxylic acids'®. Graphs like those in Fig. 3
were examined for these series and found to exhibit the same general behavior as
shown by the arsinic acids. [t is known in the cases cited®-'° that the crystal structures
of the compounds in each series are similar, so that the explanation of the deviation
of 4S5+ for lower members from the extrapolated behavior of 4S5y trom the higher
members has been sought in other causes, such as hindered rotation of long chzins
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Fig. 3. Plot of 45 of transition, fusion, and total rs. the number of carbon atoms per chain.

in the melt®. Thus the behavior shown in Fig. 3 does not contradict the hypothesis
that the crystal structure of the room temperature modification of all the arsinic
acids is similar, with the possible exception of the C.4 compound.

Enthalpies of crystal transitions prior to melting have been studied for a number
of long chain compounds. Garner and co-workers! !-!2 have measured the enthalpies
of the a—f transition for several odd saturated carboxylic acids. These enthalpies
are rather small, 1-2 kcal/mole, for acids with as many as 25 carbon atoms in the
alkyl chain. The ethyl esters of these acids'?''*, display much larger enthalpies for
the x— B transition. These range from 3.96 for the C,; derivative to 8.05 kcal/mole
for Cao. The enthalpies of transition of the arsinic acids are similar to the enthalpies
of transition of ethyl esters which have the same number of carbon atoms. For
example, AH,, for the C,, arsinic acid (20 carbon atoms) is 5.85 kcal/mole, while
for the ethyl ester of eicosanoic acid it is 5.46 kcal/mole.

Further similarities between the arsinic acids, and the carboxylic acids and
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Fig. 4. Plot of the [010] crystal spacings os. the number of carbon atoms per chain.

their ethyl esters are shown by the X-ray powder patterns. For the arsinic acids, the
[100] and {001] spacings remain nearly constant, while the [010} spacing increases
with increasing chain length. The results obtained by Muesller and Shearer!>-1° are
similar. Long crystal spacings of a number of ethyl esters of saturated carboxylic
acids were investigated by Francis er al.!’-'®. These compounds show polymorphism
and even-odd alternation in the long crystal spacings. In the arsinic acid series, there
appears to be a slight alternation in the long spacing, dy;0 for the members through
C,»- This variation is not apparent from C,, through C,,, but it becomes progressivelv
more difficult to measure [010] with the required degree of accuracy.

It would be possible to speculate at length regarding the origin of the alternation
in properties, and about the structures of the arsinic acids above and below the
transition temperature. However, these speculations will remain such until further
studies are made of the crystal structures of these materials. Attempts are presently
being made, to determine the crystal and molecular structure of the high-temperature

Thermochirt. Acta, 1 (1970) 51-60
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form of these compounds. From the present work, it appears likely that the low
temperature forms of the arsinic acids have similar crystal structures, and that the
transition observed in the higher members of the series has some resemblance to that
of the ethyl esters of saturated carboxylic acids. A detailed analysis, based on the
contacts between the units in the crystals, awaits further work.

ACKNOWILEDGMENTS

The authors wish to express their appreciation to Dr. George W. Kunze for
making available to them the DTA and TGA apparatus used in preliminary investi-
gations and to Dr. Karl J. Koenig for the use of the G. E. X-ray powder diffracto-
meter. Financial support of this research by the U. S. Atomic Energy Commision,
Contract No. AT-(40-1)-2733 and by the Robert A. Welch Foundation of Houston.
Texas is gratefully acknowledged.

REFERENCES

K. IrGoLIC, R. A. ZINGARO, AND M. R. SyiTH, J. Organomeral. Chen., 6 (1966)17.

J. TROTTER AND T. Z0BEL, J. Chem. Soc., (1965) 4466.

M. R.SuriH, R, A. ZINGARO, aAxD E. A. MEeYERS. J. Organometal. Cheni., 20 (1969) 105.

A. J. Quick AxD R. Apaxs, J. Amer. Cheni. Soc., 44 (1922) §05.

W. OLLSEN, O. OLLsEN, AND D. THIEL, Z. Merallkunde, 46 (1955) 555.

L. O. Otsex axp P. D. Freeze, J. Res. Nat. Bur. Stand. C, 68 (1964) 263.

W. J. SMOTHERS AND Y. CHIANG, Handbook of Differential Thermal Analvsis, Che.aical Publishing
Company, New York, 1965.

S D. J. DaviD, Anal. Chem_, 36 (1964) 2162.

9 A. Boxpi. Chem. Rer., 67 (1967) 365.

10 A. W. RALSTON, Fatty Acids und Their Dericatires, Wiley, New York, 1948.

[T W. E. GARNER AND F. C. RaxpatyL, J. Chem. Soc., (1924) 881.

2 W. E. GARNER AND A. M. KING, J. Chem. Soc., (1929) 1849.

I3 A. M. KING axD W. E. GARNER, J. Chent. Soc., (1936) 1372

4 R. VAN BELLINGHEN, Bull. Soc. Chim. Belg., 47 (1938) 640.

IS A. MuELLER, J. Chem. Soc., (1923) 123,

[6 A. MUELLER AND G. SHEARER. J. Chim. Soc., (1923) 3256.

I7 F. FrRANCI5, F. J. E. CoLLins AND T. MALKIN, Proc. Roy. Soc. London, Ser. A, 128 (1930) 214.
E& F. Fraxcis, F. J. E. CorrLins anp S. H. Pirer, Proc. Roy. Soc. London, Ser. A, 158 (1937) 691.

RV BV P S



