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precipitate (0.35 g, 0.21 mmol). Anal. Calcd for C79H65BF7P5Pd3S: 
C, 57.0; H, 3.9. Found: C, 57.2; H, 4.2. Molar conductance was 
75 W cm2. 
[Pd3(SCF,)(PPh2)2(PEt3)3][BF4]. This complex was similarly 

prepared in similar yield from [Pd3C1(PPh2)2(PEt3)3] [BF,]. Anal. 
Calcd for C43H65BF7P5Pd3S: C, 41.9; H, 5.3. Found: C, 41.3; H, 
5.4. Molar conductance was 80 0-’ cm2. 
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Ligand and Cluster Effects in the Decomposition of Formic Acid on Cu/Ni (1 10) 
Single-Crystal Surfaces 
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The decomposition of formic acid on single-crystal copper-nickel alloy surfaces of (1 10) orientation was studied to elucidate 
the relative importance of surface composition on the decomposition selectivity and activity. The COCO2 product ratio 
decreased steeply with increasing copper surface content. This pronounced effect was due to the requirement of a small 
cluster of four nickel atoms on the surface to form the CO-producing intermediate, adsorbed formic anhydride. The activation 
energy for decomposition of the anhydride increased by 2 kcal/mol over the C u / N i  surface composition range studied, 
reflecting a weak ligand effect on the surface reactivity. 

Introduction 
Recent studies of the flash decomposition of formic acid on 

single-crystal surfaces of nickel and copper14 have shown that 
the selectivity ratio CO:C02 varies from unity on Ni( 110) to 
zero on Cu(l10).  The selectivity is governed by the degree 
of admixture of two different reaction pathways involving 
adsorbed formic anhydride or formate, respectively. Whereas 
on Ni( 110) the flash decomposition of formic acid proceeded 
solely via the anhydride intermediate, on Cu( 110) the formate 
intermediate was formed alone. This sharp difference in the 
chemical behavior of these two surfaces provided an interesting 

0020- 1669/78/  13  17-1 103$01 .OO/O 

opportunity for studying the relative importance of ligand and 
cluster effects in the surface reactivity of alloys, as discussed 
below. 

Metal alloys have long been a subject of interest in cata- 
Major effects on selectivity and activity have been 

noted, and these effects have been ascribed traditionally to 
“electronic” and “geometric” effects. Recent photoemission 
work on the Ni/Cu alloy system by Spicer et al.12J3 utilizing 
short electron escape depths, illustrated that the surface 
electronic properties of the alloy were simply the superpositions 
of the surface electronic properties of every separate metal. 

0 1978 American Chemical Society 
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Figure 1. Auger spectra from the MlM4,5M4,5 transition for the Cu/Ni 
alloy. 

This result illustrated that the atoms of copper and nickel 
retained their local atomic identity even though they formed 
a homogeneous alloy system. It would be expected, therefore, 
that a study of a strongly selective reaction on a single-crystal 
Cu/Ni alloy would yield information regarding the cluster size 
and shape necessary to form reaction intermediates. 

The customary electronic and the geometric effects are not 
well-defined, and it is more appropriate to interpret the 
catalytic activity of alloys in terms of ligand effects and the 
requirement of clusters of active metal atoms for adsorption 
or product formation. Ligand effects denote here the change 
of the adsorption strength or activation energy for a foreign 
species bound to a metal atom A or group of A atoms when 
some or all of its neighboring atoms are replaced by a different 
type of atom B. The term cluster requirement is reserved for 
the need of a cluster of n atoms A for the chemisorption of 
a molecular species or for the formation of a particular surface 
intermediate. This group of n atoms A is called a 
“homogeneous” cluster. In the interpretation of the sur- 
face-reactive behavior of alloys, cluster requirements have not 
received as much attention as the ligand effect. In the present 
study the importance of the cluster requirement in the surface 
reactivity of the Ni/Cu alloy system as well as the ligand effect 
was demonstrated. 
Experimental Section 

The Ni/Cu alloy single crystal employed in the present study was 
(1 10) oriented with a bulk composition of 90% Ni and 10% Cu. The 
surface of the sample was cleaned by Ar ion bombardment at room 
temperature and subsequently annealed at a higher temperature and 
quenched back to room temperature. The surface composition of the 
sample was characterized by Auger electron spectroscopy. Figure 
1 shows the Auger spectra from the M,M4,5M4,5 transition at roughly 
100 eV for the sputtered and the annealed alloy surfaces. Surface 
copper was preferentially sputtered as shown in Figure 1, the spectrum 
exhibiting a single nickel peak indicating 100% Ni on the alloy surface. 
In general the alloy surface was copper enriched after annealing 
because of segregation of the copper atoms. This was in agreement 
with the theoretical prediction from the regular solution model 
developed by Williams et al.,’4s’5 suggesting that the component of 
a binary alloy having the lower heat of sublimation would segregate 
to the surface. This surface enrichment with copper was also predicted 
by a model developed recently by Burton et a1.16 using the bulk-phase 
equilibrium diagram. Both nickel and copper peaks were observed 
in the Auger spectrum of the alloy after sputtering and annealing at 
650 “C as shown in Figure 1. This Auger spectrum was doubly 
integrated to obtain the Auger intensities of nickel and copper which 
were used directly to calculate the relative surface concentration of 
the alloy. The first integration provided the total N ( E )  signal which 
was then separated into a Ni component and a Cu component ac- 

Table I. The Annealing Temperatures and the Resulting Surface 
Composition of the Ni/Cu(llO) Alloy 

AN NEAL I NG SURFACE 

TEMPERATURE COMPOSITION 

1 899 1 37 1 63 I 
cording to the energy positions of the elemental standard. These 
components were integrated separately to obtain their Auger intensities. 
Backscattering can be a significant factor in the quantitative de- 
termination of the surface composition of alloys by AES. Fortunately, 
the atomic numbers of Ni and Cu are so close (28 and 29, respectively) 
that backscattering did not affect the AES-determined Ni/Cu alloy 
surface composition. The short electron escape depthi7 at  this energy 
range and the mode of energy analysis also ensured that only the first 
one or two atomic layers were examined. Therefore, the “Auger- 
measured” surface composition represented an exponentially averaged 
concentration within one or two atomic layers. By taking advantage 
of an extremely slow bulk-diffusion p r o ~ e s s , ~ * ~ ~ ~  the amount of copper 
segregation could be controlled by varying the annealing temperature. 
Hence, different surface compositions were prepared by choosing 
appropriate annealing temperatures as shown in Table I. The results 
were in agreement with those reported previously by Spicer et al,12,20,21 
using the same technique. 

The catalytic decomposition of formic acid was studied by means 
of flash-desorption spectroscopy. The experiments were carried out 
in a stainless steel ultra-high-vacuum reaction chamber maintained 
at  the range of Torr by means of a noble vac-ion pump and a 
titanium sublimation pump.22 After the desired surface composition 
was obtained, the sample was exposed to the previously purified formic 
acid vapor22 through a stainless steel dosing needle. The sample was 
then heated linearly with time by radiation from a tungsten filament 
to decompose the preadsorbed species, and the partial pressure rise 
of the gaseous products was recorded by a mass spectrometer as a 
function of the sample temperature which was measured by a 
chromel-alumel thermocouple spark welded at the corner of the 
sample. The pumping speed of the system was sufficiently high that 
the mass spectrometric signals were directly proportional to the 
desorption rates of the respective products.23 The distribution of the 
decomposition products yielded information about the reaction in- 
termediates and the rate-governing reaction step. In addition, the 
kinetic rate constants for the decomposition were obtained from the 
profile of the desorption spectrum and the temperature a t  maximum 
desorption rate. No detectable change in the surface composition of 
the alloy due to the decomposition reaction was found, as checked 
by AES examination of the alloy surface composition at the beginning 
and end of the experiments. 

A special experiment called “interrupted” flash was performed as 
follows. After formic acid was dosed on the alloy surface, the sample 
was heated to a temperature high enough to partially desorb one of 
the products, Le., higher than the temperature where the product 
started to desorb but too low to effect complete desorption. The sample 
was quickly cooled back to the initial adsorption temperature and then 
heated up again to obtain a complete flash-desorption spectrum. This 
resulting product desorption spectrum was called the “interrupted” 
spectrum. This experiment was sometimes repeated with successively 
higher “interrupted” temperature to obtain a series of “interrupted” 
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Figure 2. Product distribution following the adsorption of DCOOH 
to saturation on an alloy with a surface composition of 37% Ni/63% 
Cu a t  200 K. Heating rate was 12 K/s. 
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Figure 3. Comparison of the H2/DCOOH spectrum with the H2/H2 
desorption spectrum. The alloy surface composition was 37% Ni/63% 
Cu. The H 2 / H 2  desorption spectrum was obtained from ref 20. 

spectra. A shorthand notation was employed to identify the origin 
of the desorbing gas as 

X(Ol)/Y 

where x was the desorbing gas observed, a was the binding state of 
the gas x, and y was the preadsorbed gas. For example, CO(a ) /  
DCOOH refers to the a state of the CO product following the 
adsorption of DCOOH. 

Results and Discussion 
Figure 2 shows the product distribution following the ad- 

sorption of deuterated formic acid (DCOOH) at 200 K on an 
alloy with a surface composition of 37% Ni/63% Cu. The 
major decomposition products observed were CO,, D2, and Hz. 
Small amounts of H20  and CO products were also present. 
The total CO signal amounted to one-tenth of the C 0 2  
product. The H2 product peak was located below room 
temperature at 258 K as shown in Figure 2. A comparison 
of this H, product spectrum with the H2 /H2  desorption 
spectrum indicated that the H,/DCOOH product was de- 
sorption limited as shown in Figure 3. There was no hy- 
drogen-binding state corresponding to the D,/DCOOH 
product peak, however, suggesting that the D2 product was 
decomposition limited. Furthermore no C02-binding state was 
observed at  all on the alloy surface; the C 0 2  product would 
desorb immediately once it was formed. Hence, its formation 
was also decomposition limited. 

When the adsorption temperature was increased from 200 
to 300 K, C 0 2 ,  D,, and CO were the only products observed. 
The peak positions of these observed products were not affected 
by the change of the adsorption temperature from 200 to 300 
K which is further evidence against surface reconstruction with 
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Figure 4. Comparison of the CO/HCOOH spectrum with the CO/CO 
desorption spectrum. The alloy surface composition was 61% Ni/39% 
Cu. The adsorption temperature was 399 K. 

adsorption. As shown in Figure 2, the two CO product peaks 
were not distinct enough to allow the comparison with the 
CO/CO desorption spectrum. Nevertheless the presence of 
the D,/DCOOH product and the high C0,:CO selectivity 
ratio (1O:l) suggested that the major surface intermediate on 
this alloy surface was an adsorbed formate, DCOO(a). 

As the surface nickel concentration was increased, the 
selectivity ratio CO:C02 increased, and the peak positions of 
the decomposition products shifted-though the same products 
were observed. In addition, the peak positions of the two CO 
product peaks became more distinct, allowing comparison with 
the CO/CO desorption spectrum. Figure 4 shows the C O /  
HCOOH product and CO/COa desorption spectra on an alloy 
with a surface composition of 61% Ni/39% Cu. The matching 
of the /3 states indicated that the CO(/3)/HCOOH product 
was desorption limited. The CO(a) /HCOOH peak was at 
least 15 K higher than the CO(oc)/CO peak. This difference 
indicated that the CO(a)/HCOOH peak was not desorption 
limited and that the CO(a) product was evolved directly into 
the gas phase from a decomposition step. 

The reaction mechanism for the formic acid decomposition 
on the Ni/Cu (1 10) alloy was as follows: dissociative ad- 
sorption steps 
DCOOH(g) + DCOO(a) + H(a) (1) 

2DCOOH(a) -+ D(O)COC(O)D(a) + H,O(a) (2) 

2Wa) -+ H, (g) (3) 
H20(a)  + H, O(g) (4) 

and decomposition steps 
D(O)COC(O)D(a) -f CO,(g) + xCO(g) t (1 -x)CO(a) + 2D(a) ( 5 )  

DCOO(a)+CO,(g) + D(a) ( 6 )  

2D(a) -+ D, (9) ( 7 )  

CO (a) -+ CWg) (8) 
The first two steps occurring were adsorption of the parent 
molecule (DCOOH) to form two different adsorbed surface 
intermediates: DCOO(a) and formic anhydride. The H atoms 
recombined to form the H z  molecule which desorbed from the 
surface. Steps 3 and 4 show the desorption of the H2 and HzO 
products. Since these two products desorbed below 300 K, 
they were not detected in the room-temperature adsorption 
study. Steps 5 and 6 represent the decomposition of the two 
different surface intermediates giving rise to the three major 
products (CO,, D,, and CO). The C02  product was formed 
from the decomposition of both intermediates. The recom- 
bination of the hydrogen atoms shown in step 7 was a relatively 
fast process, SO that the decomposition steps limited the rate 



1106 Inorganic Chemistry, Vol. 17, No. 5, 1978 

TEMPERATURE (OK) 
298 323 348 373 398 423 446 473 498  

I I I A  I I 

D. H. S. Ying and Robert J. Madix 

3 5 r 4  

I \ 

25 5 0  75 I O 0  125 150 175 200 225 
TEMPERATURE (“C) 

Figure 5. CO product flash-desorption spectra as a function of surface 
composition of the alloy: curve a ,  37% Ni/63% Cu; curve b,  46% 
Ni/54% Cu; curve c, 54% Ni/46% Cu; curve d,  61% Ni/39% Cu; 
curve e, 68% hTi/32% Cu. The heating rate was 13 K/s. 

of the D2/DCOOH formation. The direct gaseous evolution 
of the CO product shown in step 5 gave rise to the CO(a) 
product peak. Hence, the kinetic parameters for the formation 
of this CO(a) product peak reflected those for the decom- 
position of the formic anhydride intermediate on the alloys. 
Finally, the desorption-limited CO(p) product is shown in step 
8. It is important to point out that since the CO formation 
was totally suppressed on a clean C u ( l l 0 )  s ~ r f a c e , ~  it is 
reasonable to believe the formic anhydride to be adsorbed only 
to the surface nickel atoms in the alloy. 

Three interesting features were observed from the CO 
product spectrum as the alloy surface nickel concentration was 
decreased. First of all, the CO(p) product peak shifted to 
lower temperatures as shown in Figure 5. Since the CO(0) 
peak was desorption limited, the shift of the CO(p) peak was 
ascribed to the ligand effect of copper to the surface nickel 
atoms of the alloy.20s21 When copper was added to nickel, the 
adsorption strength of the CO molecules was lowered. Hence, 
the activation energy required for the CO desorption was 
lowered, resulting in a shift of the CO(0) peak to a lower 
temperature. A decrease of 3 kcal/mol was estimated from 
the total shift of the CO(p) peak with the assumption of a 
constant preexponential factor. 

In opposition to the CO(p) peak, the CO(a)  peak moved 
to higher temperatures as the nickel surface concentration was 
reduced. This shift was also ascribed to the ligand effect of 
copper on the surface nickel atoms. If it was assumed that 
the formic anhydride intermediate was adsorbed on the surface 
nickel sites through the two oxygen atoms and its adsorption 
strength was lowered with the addition of copper atoms in a 
similar manner as the CO molecules, then extra energy was 
required to rupture one of the two C-0  bonds. Hence, the 
formic anhydride decomposition energy increased with the 
addition of copper to nickel, shifting the CO(a)  peak to a 
higher temperature corresponding to an increase of roughly 
2 kcal/mol in activation energy with the assumption of a 
constant preexponential factor. 

Lastly, there was a substantial decrease in the amount of 
CO formed as the nickel surface concentration was lowered, 
suggesting the necessity of a cluster of more than one nickel 
atom for CO formation on the alloy. Statistically, on a 
substitutional alloy surface with nickel concentration X,,, the 
probability of the existence of clusters of n nickel atoms is 
proportional to XN:, This conclusion is based on a statistical 
calculation for a model of random alloying. Recently, Spicer 
et  al.l23I3 examined the surface clustering problem and con- 
cluded that preferential surface clustering was negligible on 
the Ni/Cu (1 10) alloy sample. This conclusion was based on 

/ 
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Figure 6. In-In plot of CO/HCOOH product at saturation coverage 
vs. the nickel surface fraction: dc0, CO product at saturation exposure 
of HCOOH; XNi, nickel surface fraction; *,data points from the 
alloy study; 0, data point from the clean hri(l lO) study. 

/ 

Figure 7. Schematic representation of the formic anhydride inter- 
mediate stabilized by a rectangular array of four nickel atoms on a 
Ni/Cu(llO) alloy surface. a, nickel atoms; 0, copper atoms; 0, 
oxygen atoms; 0 ,  carbon atoms; 0 ,  hydrogen atoms. 

their CO/CO thermal desorption results. In general, four CO 
binding states were observed on the Ni/Cu alloy surface. The 
highest and the lowest binding states were identified as the 
pure surface nickel and copper sites, respectively, whereas the 
two intermediate states were ascribed to the mixed Ni-Cu 
binding sites. The magnitudes of the CO signal from the 
mixed Ni-Cu binding states were as abundant as those from 
the pure Ni  and pure Cu binding states. If surface clustering 
on the Ni/Cu alloy was significant, the mixed Ni-Cu binding 
states would be relatively negligible. The results of the present 
study of the formic acid decomposition on the Ni/Cu alloy 
also manifested this random feature. If surface clustering were 
significant, the CO product from the formic anhydride would 
not drop so markedly as the surface composition was decreased 
from 87% Ni  to 37% Ni. In addition, if large nickel islands 
were formed, one would expect to observe the superposition 
of nickel and copper decomposition behavior, which in fact 
was not detected for the entire range of concentration studied. 
Therefore, it appears reasonable to conclude the Ni/Cu alloy 
surface to be a random substitutional alloy surface. Figure 
6 shows a In-ln plot of t h e  amount of CO formed following 
saturation exposure of formic acid vs. nickel surface atom 
fraction. This plot yielded a straight line with a slope of 3.8 
f 0.2, suggesting that the C O  formation required a cluster 
of four nickel atoms. 

It is reasonable to expect the anhydride intermediate to be 
stabilized by a rectangular array of the four nickel atoms 
required as shown in Figure 7. The two CHO groups of the 
formic anhydride molecule were rotated 90’ in opposite di- 
rection from the coplanar configuration, causing the oxygen 
atom of each group to sit between two nickel atoms as shown 
in the figure. The requirement of this “homogeneous” cluster 
for the stabilization of the surface anhydride controlled the 
relative amount of the two surface intermediates, thereby 
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Figure 8. COCO2 selectivity ratio as a function of surface composition: 
+,data points from the alloy study; 0, data points from the clean 
Ni(  1 10) and clean Cu( 110) studies. 

determining the selectivity of the alloys shown in Figure 8. 
The CO:CO2 product ratio dropped from unity as observed 
on clean Ni ( l l0 )  continuously to zero as observed 
on clean Cu( 1 10) surfacea4 This change of the product ratio 
as a function of the alloy surface composition manifested the 
effect of alloying on the selectivity toward the two decom- 
position paths of formic acid. Furthermore, the activity of the 
surface nickel was retained through the stabilization of the 
formic anhydride intermediate by a cluster of four nickel 
atoms, in agreement with the localized surface electronic 
structure suggested by Spicer et al.’2313 

In addition to the homogeneous cluster of four nickel atoms 
required to stabilize the formic anhydride intermediate, 
“heterogeneous” clusters apparently led to the formation of 
the formate intermediate (HCOO(a)). This intermediate 
probably existed bonded to many different types of clusters 
of nickel and copper atoms such as NiNi, NiCu, NiCuNi, 
CuNiCu, etc., each with slightly different bonding charac- 
teristics, yielding the observed C 0 2  product spectrum as a 
superposition of all of these possible situations. When the 
surface composition changed, the population of each of these 
“heterogeneous” clusters changed, affecting the subsequent 
C 0 2  product spectrum. Since HCOO(a) decomposed on a 
clean Cu( 110) surface at a temperature much higher than on 
the alloy surfaces, it was reasonable to believe that a heter- 
ogeneous cluster consisting of relatively more copper atoms 
had a slightly higher activation energy giving rise to the C 0 2  
peak shift to higher temperatures with increasing copper 
concentration as shown in Figure 9. The absence of the higher 
temperature C 0 2  states corresponding to Cu( 110) on the 
nickel-rich surfaces also suggested that the HCOO inter- 
mediate bonded to more than one copper atom. 

The activation energy for C02 formation was measured by 
varying the heating rate.25 Since the rate of C 0 2  formation 
was governed by the decomposition of both surface inter- 
mediates, the observed C 0 2  product spectrum was a composite 
peak. The activation energy measured was an apparent or 
weighted-average value. The exact weighting was not known, 
and it was unlikely that it could be resolved because too many 
variables were involved. However, adsorbed formate was the 
predominant surface intermediate observed on the 37% Ni/  
63% Cu alloy surface. Therefore, the measured activation 
energy value of 26 kcal/mol on this alloy surface provided a 
good estimate of the energy for the decomposition of the 
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Figure 9. C 0 2  product flash-desorption spectra as a function of surface 
composition of the alloy: curve a, 37% Ni/63% Cu; curve b, 54% 
Ni/46% Cu; curve c, 61% Ni/39% Cu; curve d, 68% Ni/32% Cu; 
curve e, 87% Ni/13% Cu. The heating rate was 12 K/s. 
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Figure 10. Plot of In ( N / C )  vs. the reciprocal temperature for the 
series of CO,/DCOOH “interrupted” flashes, on the alloy of 37% 
Ni/63% Cu. 

formate on the alloy. Similarly, the measured value of 24.7 
kcal/mol on the 87% Ni/  13% Cu alloy surface represented 
the activation energy required for the decomposition of the 
formic anhydride on the alloy since this was the predominant 
surface intermediate observed. This value, together with the 
estimated 2 kcal/mol change from the shift of the Co(cr) peak, 
suggested that the activation energy for the decomposition of 
the formic anhydride intermediate varied from 25 to 27 
kcal/mol as the copper surface concentration was increased. 

The results of “interrupted” flashes showed that as the alloy 
sample with a surface composition of 37% Ni/63% Cu was 
preflashed to above 360 K, both the C02 /DCOOH and the 
D2/DCOOH peaks shifted to a higher temperature. With an 
assumption of a first-order process, a plot of In ( N / C )  vs. the 
reciprocal temperature was used to measure the apparent 
activation energy of the “interrupted” C02 flash peak as shown 
in Figure 10. By means of this method, the apparent acti- 
vation energy was found to increase gradually from 17 
kcal/mol to a final value of 26.5 kcal/mol as the preflash 
temperature was increased. The results of the interrupted 
flashes can be ascribed to the surface site heterogeneity. The 
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preflash apparently resulted in the flashing off of surface 
intermediates with lower activation energies, revealing the 
characteristics of those remaining; the formic anhydride was 
probably flashed off first since it showed the lower activation 
energy for decomposition, leaving essentially the adsorbed 
formate. Therefore, the C02 “interrupted” spectrum reflected 
primarily the contribution due to the adsorbed formate. In 
turn, due to the existence of different binding states for the 
HCOO(a), the adsorbed formate with the lowest decompo- 
sition energy was flashed off first, eventually leaving only the 
one with the highest decomposition energy. The limiting value 
of 26.5 kcal/mol represented the highest activation energy 
required for the decomposition the formate on the alloy. The 
close agreement between this limiting value and the apparent 
activation energy measured on the 37% Ni/63% Cu alloy 
surface further supported that it was a good estimation for 
the decomposition of the formate on the alloy. 

In conclusion, it is interesting to compare these results with 
the catalytic decomposition of formic acid on the carburized 
Ni( 1 10) surface studied by McCarty and Madix.26-28 In that 
study, adsorbed formate was found to be the predominant 
surface intermediate observed, and the C O C O 2  product ratio 
was about 0.1, similar to that observed for the 37% Ni/63% 
Cu alloy surface. The close resemblance of the selectivity and 
the intermediate involved between these two surfaces suggested 
that the presence of surface carbidic carbon modifies surface 
reactivity in a fashion similar to alloying with a group 1B 
element. The results of the present study clearly manifested 
the importance of clusters in the selectivity and activity for 
the formic acid decomposition on the Ni/Cu alloy. The 
present study highlights the fact that the ligand effects can 
be secondary to the cluster requirement in the surface reactivity 
of alloys. 
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Adducts of Arsenic(II1) Halides and Arylarsenic(II1) Halides with Thioureas 
DANIEL J. WILLIAMSIa and KENNETH J. WYNNE*Ib 

Receioed March 16, 1977 

A series of arsenic trihalide and arylarsenic dihalide adducts with thioureas have been prepared. New compounds which 
have been characterized include AsX3B [X = C1, Br; B = trntu (1,1,3,3-tetramethyl-2-thiourea), dmit (1,3-dimethyl- 
2(3H)-irnidazolethione)] and ArAsX,tmtu [Ar = C6H,, 4-CH3C,H4, X = CI, Br, I; Ar = 4-CH30C6H4, 4-C1C,H4, 
4-02NC6H4, X = CI]. These adducts are thermally stable at ambient temperature but decompose on exposure to atmospheric 
moisture at varying rates (CI >> Br; AsX3B > ArAsX2tmtu). Adducts were characterized by infrared, Raman, and proton 
nuclear magnetic resonance spectroscopy. The adducts were found to be molecularly dissociated in solution to varying 
degrees; the order of acceptor ability toward thioureas is AsBr3 > AsC1,; ArAsI,, ArAsBr, > ArAsCl,. Assignments for 
solid-state Raman and infrared spectra for the adducts are reported. Trigonal-bipyramidal structures are proposed for 
the adducts based on vibrational spectra. Secondary bonding leading to the formation of loosely joined dimeric molecules 
may occur as found by x-ray crystallography for AsC13dmit. 

The acceptor properties of group 5A trihalides and organic 
derivatives RMX2 and R2MX are well established in the 
literature.2-’2 While the synthesis of numerous adducts has 
been reported, there have been surprisingly few attempts to 
determine the structures of these compounds. The overall lack 
of structural information is due in part to the fact that many 
of these adducts were made in the early part of this century 
prior to the advent of modern instrumental  technique^.^-^ 
Structures which are known via single-crystal x-ray analysis 
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include A s C I ~ N M ~ ~ ~  (Me = methyl), SbC13NH2C6H5,10 
SbC13(Ph3As0)22 (Ph = phenyl), and Me2AsCl( t~)211~’2 (tu 
= thiourea). Vibrational spectra for AsC13NMe3 and 
SbC1,~H2C6H, have been used in conjunction with the above 
structural studies for spectral interpretation of analogous 
compounds such as PC13NMe3 and PBr3NMe3.l3 For the most 
part, however, vibrational data have been used primarily to 
demonstrate coordination as indicated by shifts in known 
bands. The lowering of the P=O stretching mode in tri- 
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