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C a ~ e I l . ~ ~  Solvents were dried over sodium. All other chemicals were 
used as received. 

All glassware used was dried in an oven overnight and treated with 
a flame when assembled, and the system was purged with dry nitrogen 
for a t  least 2 h before charging the chemicals. 

Mass spectra were obtained on a du Pont Model 21-491B spec- 
trometer. Infrared spectra were recorded on a Perkin-Elmer 621 
spectrophotometer. Proton and fluorine NMR spectra were obtained 
on a Varian EM-390 spectrometer at 90 and 84.6 MHz, respectively. 
Phosphorus NMR spectra were obtained at 32.1 MHz on a Varian 
CFT 20 spectrometer. 

Calculations of the trial spectra were carried out using the NMRIT 
program of Swalen and re ill^.^^ Plots were obtained by using an 
NMR plot program developed by P. Shevlin at Auburn University. 
All the coupling constants tried were reduced by a factor of 100 in 
order to accommodate the parameters to the storage space of the 
program. Phosphorus was assigned a frequency of +80 000 Hz and 
fluorine (hydrogen) a frequency of -9000 Hz. Coupling constants 
estimated from the spectra were adjusted to the best fit between the 
observed spectra. 

( Me2N)2P [ B ,oHl0C2] P( NMe2) (11). Bis( dimethylamino)- 
chlorophosphine (143 mmol) was added slowly, under nitrogen, to 
an ice-bath-cooled slurry of dilithium o-carborane (69.0 mmol) in 
ether. After 1 h, the mixture was refluxed for 20 h and filtered. The 
residue from evaporation of the filtrate was recrystallized from heptane 
yielding a white crystalline product (58%). Anal. Calcd: C, 31.6; 
H, 9.0; N, 14.7. Found: C, 30.9; H, 9.3; N,  14.1. 

Me2N(F)P[BloHloC2]P(F)NMe2 (IV). In a 150-mL Fischer- 
Porter36 tube, a solution of 3.2 mmol of I in 60 mL of n-hexane was 
condensed with 70 mmol of PF5 and then allowed to warm to room 
temperature. A white solid was formed. After elimination of excess 
PFS, the mixture was heated in an oil bath up to 130 “C, and the white 
solid disappeared. Immediately the tube was cooled and the volatiles 
were evaporated in vacuo. The residue was extracted with 70 mL 
of benzene. The benzene solution was filtered and evaporated to 
dryness. The solid residue was shaken with 100 mL of n-pentane giving 
a white cloudy solution which was decanted. Evaporation of the 
pentane gave a white crystalline product (60%). Anal. Calcd: C, 
21.8; H, 6.7; N, 8.5. Found: C, 22.6; H, 7.1; N, 8.3. 

FP[B,,J-IloC2]2PF (m). A 200-mL Fischer-Porter tube was charged 
with 28 mmol of dilithium o-carborane in ethyl ether, and 60 mmol 
of PF2Br was condensed into the tube. After 12 h at room temperature, 
the volatiles were removed, the mixture was filtered, and the residue 
was shaken with 200 mL of pentane. The white cloudy solution was 
decanted and evaporated to give the product. The yield was less than 
30%. 
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A new group of thermochromic complexes of Ni(I1) of the type [RxNH4-x]2NiC14 have been synthesized, where R is an 
alkyl or aryl group. These complexes have been prepared from the melt of 2:l mole ratios of RxNH3-,-HC1 and anhydrous 
NiC12. The complexes are brown-yellow to green-yellow at room temperature and turn blue upon heating to the thermochromic 
temperature (T,). Magnetic susceptibility, far-infrared spectra, and X-ray powder diffraction patterns indicate that the 
room-temperature phase is polymeric, containing octahedrally coordinated metal ions with bridging chlorine atoms. The 
hydrogen bonding from the substituted ammonium cation is important for maintaining the structure. Magnetic susceptibility 
and absorption and far-infrared spectra indicate that the blue phase involves discrete tetrahedral NiC142- ions. The 
thermochromism is reversible and the T, may be controlled by the degree of hydrogen bonding available from the alkyl- 
or arylammonium group, by the nature and the size of the R group, and by the nature of the halogen atom in the anion. 
Similarities with the [R,NH4-,]2CuC14 complexes are discussed. 

Introduction 
Complexes of the type C2MX4, where X is a halogen atom, 

M is a first-row transition element, and C = alkali metal, 
ammonium ion, or a substituted ammonium ion, a re  well- 

known. The  compounds with M = C U ( I I ) ~ - ~  have been ex- 
tensively studied, and those of Mn(II)9-11 and Fe(II)11~12 have 
been studied to a lesser extent. 

From X-ray s t ~ d i e s , ~ ~ ~ ~ ~ ~ ’ ~ J ~  it  has been established that a 
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Table I. Analytical Results for Several [R,NH4,x],NiC14 Complexes 
% found % theory 

compd C H N c1 C H N c1 
9.1 5 .O 

16.4 5.5 
22.0 6.5 
16.2 5.4 
27.9 7.4 
35.0 8.2 
22.1 6.4 
22.8 6.4 
42.1 5.5 

common type of structure observed for these complexes 
contains distorted MC16 octahedra sharing chlorine atoms on 
edge and linked into two-dimensional infinite polymeric sheets. 
When the substituted ammonium is not quaternary, hydrogen 
bonding between the cation hydrogen and the halogens of the 
MCld2- anion becomes possible. Along with the nature of C 
and X, the hydrogen bonding plays an important role in 
determining the properties of the complex, as  well as deter- 
mining the type of structure that is stable in the solid state. 
For example, CuC1:- can exist as isolated planar and flattened 
tetrahedral ions,4-8,13-15 depending in part on the degree of 
hydrogen bonding. Slight chemical modifications can alter 
the most stable structure. Changes in other conditions, such 
as temperature ( t h e r m o c h r o m i ~ m ) ~ ~ , ' ~  and pressure,17 can also 
alter the structures of some of the copper complexes. 

The  reversible process where color changes occur with 
temperature is termed thermochrornism.'* Two basic types 
of thermochromism exist. One type deals with a phase 
transition whereby a change in the coordination geometry 
around the central ion occurs. The other type is associated 
with the temperature dependence of the line widths of the 
electronic transitions. Thermochromism may be discontinuous 
(abrupt changes of X vs. 7') or continuous (slow change of X 

Nickel(I1) resembles copper(I1) in its ability to form both 
tetrahedral and planar complexes and a similar but greater 
tendency to form stable octahedral complexes. Therefore, 
thermochromic transitions should also occur for Ni(I1) sys- 
tems, based on the possibility of interconversion between the 
three structural types as the temperature is raised. 

Compounds with quaternary amines of the  type 
(R4N),NiC14, as well as those of type C2NiC14, where C is an 
alkali metal, are well-known,20 and the NiC14 anion is in a 
distorted T, environment. However, Ni(I1) complexes with 
partially substituted ammonium cations involving the NiC142- 
anion remain unreported. This paper concerns itself with the 
syntheses and properties of a series of new thermochromic 
Ni(I1) complexes of the type (R,NH4-,)2NiC14. 
Experimental Section 

Synthesis. 1. Amine Hydrochlorides. The amine hydrochlorides 
were synthesized by dissolving the amine in anhydrous ethyl ether. 
The HC1 gas from a lecture bottle was slowly bubbled into the amine 
solution for several minutes. The precipitate was washed with an- 
hydrous ethyl ether and filtered through a glass frit. The entire 
procedure took place in a dry N2 glovebag. The excess ether in the 
solid was removed in a vacuum oven at room temperature. 

2. [R,NH4_x]2NiC14 Complexes. Two moles of the amine hy- 
drochloride and 1 mol of anhydrous nickel chloride were weighed and 
mixed in a thick-wall (0.3 mm) Pyrex bomb tube (maximum weight 
of sample about 0.5 g). The tube was connected to a vacuum line 
(Hg diffusion pump), evacuated for several minutes, and sealed off 
under vacuum. The tube was then placed in a furnace and heated 
for several hours at about 10-25 OC above the melting point. The 
tube was placed in the furnace in a horizontal position during the 
heating process. Since the reaction seldom went to completion, it was 
necessary to separate the molten liquid from the unreacted products. 
This was done by inverting the tube in the furnace and allowing the 

vs. l3.19 

10.6 52.5 9.1 4.5 
9.5 47.2 16.6 5.8 
8.5 43.9 22.5 6.2 
9.3 48.4 16.4 5.5 
7.9 39.0 21.5 6.9 
6.9 34.6 35.6 7.9 
8.7 43.2 22.5 6.2 
8.7 44.0 22.5 6.2 
6.2 31.2 43.2 5.4 

10.6 53.7 
9.5 48.5 
8.7 44.3 
9.6 48.5 
8 .0 40.7 
6.9 35.1 
8.7 44.3 
8.7 44.3 
6.3 31.9 

liquid to drain to the bottom of the tube while the unreacted starting 
materials adhered on the surface in the upper part of the bomb tube. 
After cooling, all sampling was accomplished in a drybox. The 
products isolated from the melt upon cooling were generally 
brown-yellow or green-yellow and were extemely hygroscopic. 

Several problems exist in attempting to make pure phases of the 
[R,NH4J2NiC14 complexes. The reaction seldom goes to completion 
and one has the problem of separating the product from the unreacted 
reactants. Vacuum studies have shown that heating can decompose 
the complex to R,NH4,NiC13 and R,NH3,.HCl. TGA studies 
indicate a further decomposition of the compound to anhydrous NiCl,. 
An additiolial difficulty involves solid solution of the unreacted amine 
hydrochloride in the melt of the complex. 

Analyses. The compounds were analyzed for carbon, hydrogen, 
nitrogen, and chlorine. Table I compiles the analytical results, which 
were obtained from the Argonne National Laboratory analytical group 
and from Micro-Tech Laboratories, Inc., Skokie, Ill. 

Spectral Studies. For the 4000-650-cm-' region, the infrared 
measurements were made on a Beckman IR-12 with a 6X beam 
condenser.21 Samples were loaded in diamond anvil cells (DAC) in 
a drybox, using a microscope to ensure adequate loading. The method 
prevented moisture in the air from reacting with the compounds. 

The Perkin-Elmer 301 infrared spectrophotometer was used to 
obtain far-infrared spectra (650-180-cm-'). Both Nujol mull and 
solid-sample spectra were obtained. The Nujol mull was placed on 
polyethylene windows, and the solid spectra were obtained using the 
DAC and associated o p t i ~ s . * ~ - ~ ~  

The Cary 14R spectrophotometer was used to obtain spectra in 
the visible-near-infrared regions. The spectra were obtained in the 
solid phase using the DAC interfaced with a beam c o n d e n s ~ r . ~ ~  

Spectroscopic studies done at high temperatures were made with 
a heated DAC using a Variac transformer and a chromel-alumel 
thermocouple (with an ice junction as a reference) to measure 
temperature. 

Determination of Thennochromic Temperatures. The determinations 
of the thermochromic temperature (T,) and the melting point were 
made using a Fisher-Johns melting point apparatus. The apparatus 
was standardized by checking melting points of several standard solids. 

Magnetic Susceptibility Measurements. Magnetic moments were 
determined by the Gouy method using C O H ~ ( C N S ) ~  and Ni(en)$?O3 
as the standard materials. Some of the moments were checked using 
a Faraday balance. 

Results and Discussion 
Table I1 tabulates the T, for the complexes synthesized in 

this study. Also included in the table a re  several magnetic 
susceptibility results. There appears to be a qualitative re- 
lationship between the number of hydrogen atoms available 
for hydrogen bonding and the T,. The greater the number 
of hydrogen atoms in the substituted ammonium cation, the 
higher is T,. Note that if the hydrogen bonding is weak, a 
tetrahedral blue compound may be isolated (see that [(n- 
C3H7)3NH]2NiC14 in Table I1 is a blue liquid a t  room 
temperature). Another relationship appears to exist between 
the nature of the ammonium cation and T,. Alkyl-substituted 
ammonium cations show lower values for T, than aryl-sub- 
stituted ammonium cations (compare [(CH3CH2)2NH2] 2NiC14 
and [ (C6H5CH2)CH3NH2] 2NiC14). Some relationship may 
exist depending on the nature of the halogen vs. T,. For 
example, [(C2H5)2NH2]2NiC14 shows a T, a t  70 OC, whereas 
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Table 11. Some Physical Properties for [R,NH,-,],NiCl, Complexes 

John R. Ferraro and Anne T. Sherren 

no. of H atoms 
for hydrogen 

b cation room-temp color bonding TcP " C  keff ,  MB 
(C 2 H 5 ),N+ blue 0 3.87 
(CH,)J+ blue 0 
(n-C,H,),NH+ blue (liquid) 1 
(c 2 5 )  3"+ blue; turns yellow-green on 1 1 0 4  

(CH,)," + brown-yellow 1 7 0  
(C,H,CH,)CH,NH; brown-yellow 2 115 

standing 

(CzHs)2"2+ brown-yellow 2 7 0  3.44c 
3.7gd 

(CH,)2"2+ brown-yellow 2 145 
i€,H,NH,+ brown-yellow 3 170 2.9 3c 

C,H,NH,+ brown-yellow 3 167 
CH,NH,+ brown-yellow 3 >230 2.9Be 

n-C ,H,NH3+ brown-yellow 3 200 

a T,  results are given to an accuracy of +5 "C. Most of these compounds melt 15-30°C higher than TC. At 25 "C. A t  8 0  "C. e At 
19 "C. 

288 

Figure 1. Far-infrared spectra of [(C2H5)2NHZ]2NiC14 at room 
temperature and 70  "C. 

the T, for [(C2Hj)2YH2]2NiBr426 is about 50 OC. These 
relationships may be reconciled with the thermal motions of 
the NH moieties, the organic ammonium cation, and the 
halogen anion associated with the thermochromism. 

The magnetic susceptibilities appear to run in the range of 
2.9-3.4 pB a t  25 "C, for the room-temperature phase isolated 
from the melt upon cooling. When these compounds are  
heated to T,, the materials turn royal blue or blue-green. The 
complex [ (C2H5)2NH2]2NiC14 shows a magnetic moment of 
3.78 p~ a t  80 O C .  

A. Nature of the Solid Obtained from the Melt. The 
amorphous solids obtained from the melt syntheses after 
allowing the melt to cool to room temperature were usually 
brown-yellow to green-yellow. Single crystals could not be 
obtained and therefore an X-ray structural analysis was not 
possible. However, powder diffraction patterns were obtained 
for some of the solids and compared with patterns of the 
starting materials and found to be entirely different; but they 
were similar to other polymeric octahedral complexes (e.g., 
Mn2+, Cu2+, Fe2+). Electronic, mid-infrared, and far-infrared 
spectral and magnetic susceptibility measurements were made. 
Thus, it was possible to make some inferences as to the 
structure of these materials. Figure 1 shows the far-infrared 
spectra of [(C2H,)2NH2]2NiC14 a t  room temperature and at  

I 1  I I I 

- 
600 650 700 750 

(nm) 

Electronic spectra of [(C2HS)2NH2]2NiC14 a Figure 2. 
temperature and 70 "C. 

room 

70 O C .  The room-temperature spectrum is typical of an 
octahedral, polymeric material containing bridging halogens 
and confirms the interpretation of the powder diffraction 
patterns. At the thermochromic temperature the spectrum 
changes and a single absorption occurs a t  288 cm-l, which 
corresponds to a metal-chlorine stretching vibration in a 
tetrahedral NiC12- ion.27328 Figure 2 shows the electronic 
spectra a t  room temperature and at  70 O C  for [(C2Hj),N- 
H2I2NiCl4. It can be observed that a doublet forms at  T, with 
absorption maxima a t  650 and 710 nm, again typical of a 
tetrahedral NiC142- The magnetic susceptibilities for 
the brown-yellow solids show values typical for polymeric, 
octahedral Ni(I1) c ~ m p l e x e s . ~ ~ - ~ ~  These are  in the range of 
2.9-3.4 pB a t  room temperature, and the value increases to 
-3.8 pB a t  T, (for example, [C2Hj)2NH2]2NiC14). 

The  structure of the polymeric material obtained in these 
studies is unknown. However, from the spectral and magnetic 
results obtained, it is postulated that the polymer contains 
distorted NiC1, octahedra, with bridging chlorine atoms shared 
on edge, and hydrogen bonding from the substituted am- 
monium cations playing an important role. The precise nature 
of the polymer must await X-ray structural analysis. It is thus 
proposed that the nature of the melt reaction may proceed as 
follows: 

R,NH,-,.HCl + NiCl,(anhyd) 
h 

([R,"4-,1 2NiC14)~ (1) 
brown-yellow, 

distorted octahedral 
polymer a t  room temp 

It should be noted that the reaction may proceed through a 
R,NH4-,NiC13 phase. In attempting to  prepare (n- 
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(cm-' 
Figure 3. NH stretching vibration region for C2H5NH2.HC1 and 
(C2H,NHJ2NiCl4. 

C3H7NH3)2NiC14 a salmon-colored phase is indicated at - 140 
OC, prior to reaching the thermochromic point, and may 
indicate an intermediate phase forming. It is not too surprising, 
then, that X-ray diffraction patterns may show some tri- 
chloronickelate species forming as an intermediate phase in 
(1) or from excess heating of the melt. Only one of the 
compounds-[i-C3H7NH3]2NiC14-showed a trace of the 
NiC1< anion in the powder spectrum, so this potential impurity 
may not be too serious a problem. 

B. Nature of Blue Compounds Obtained at T,. The 
spectroscopic results as illustrated in Figures 1 and 2 and the 
magnetic susceptibilities reaching - 3.8 pB at T, are consistent 
with a Td geometry occurring around the Ni atoms. Thus 
tetrahedral NiC142- ions must be formed, similar to the en- 
vironment of NiC142- ions in [(C2H5)4N]2NiC14 and [(C- 
H3),N] 2NiC14.27-29 Therefore, reaction 1 may proceed as 
follows a t  T,: 

A 
( [R,NH4-,]2NiC14), - 2(R,NH4_,)+ + NiC1:- 

blue, Tc brown-yellow, 
octahedral tetrahedral 

The mechanism for the thermochromism observed in these 
complexes involves a change in geometry and coordination 
numbers from an octahedral ( C N  = 6 )  to a tetrahedral ( C N  
= 4) geometry. The possibility that the thermochromism 
involves a five-coordinate nickel(I1) complex can be ruled out 
on the basis of the experimental results obtained, as  well as 
for stereochemical reasons.34 

C. Nature of Hydrogen Bonding in Compounds. Information 
on the nature of the hydrogen bonding in the complexes can 
be derived from the monitoring of their N H  vibrations. Figure 
3 illustrates the N H  stretching (v") region for C2H,NH2.HC1 
and (C2H5NH3)2NiC14 polymer. In the polymer the V" 
vibration shifts toward higher frequency (see A in Figure 3). 
Simultaneously the NH2 bending vibration (aNH,) at - 1620 
cm-I shifts toward lower frequency a t  -1580 cm-'. The 
results indicate that the hydrogen bonding is stronger in the 
amine hydrochloride than in the [C2H5NH3I2NiCl4 polymer. 

A comparison of the spectra of (n-C3H7),N.HC1 and 
[ (n-C3H,)3NH] 2NiC14 (blue liquid-Td monomer) in the V" 
region is made in Figure 4. The strong absorption in the 
amine hydrochloride at  -2500 cm-' disappears in the complex, 
and a new, strong absorption appears a t  -3000 cm-', con- 
sistent with weaker hydrogen bonding in the tetrahedral 
compound, and is further evidence that we are not dealing with 

3200 2800 2400 
(Cm-'1 

Figure 4. Comparison of the spectra of (n-C3H7)3N.HC1 and [(n- 
C3H7)3NH]2NiC14 monomer in the vNH region. 

a mixture of starting materials. 
That  the hydrogen bonding is stronger in the amine hy- 

drochloride than in the complexes is not surprising. It is known 
that the very strong hydrogen bonding occurs in the amine 
 hydrochloride^.^^-^^ The order of hydrogen bonding strength 
in the amine hydrochlorides proceeds in the order tertiary > 
secondary > primary. 

The weaker hydrogen bonding in the tetrahedral species is 
expected, as hydrogen bonds in the polymer must be weakened 
and broken in order for thermochromism to occur. A study26 
of [(C2H5)2NH2]2NiBr4 polymer a t  room temperature and at  
70 OC shows that  the V" stretching vibration shifts toward 
higher frequency, while the 6NH2 bending vibration shifts 
toward lower frequency, when T, is reached, indicative of 
stronger hydrogen bonding which follows the order 
R,NH3-,.HC1 > ( [R,NH4-,]2NiC14), > [R,NH4-J2NiC14 

polymer blue, 
monomer 

These results are  consistent with the thermochromic mech- 
anism postulated for these systems. 

D. Similarity with Related Copper Complexes. Similarities 
are noted when the [R,NH4_x]2NiC14 complexes are compared 
to the related [ R,NH4-,]2CuC14 complexes. The preferred 
geometry around the Cu atom is square planar, when x is 0 
or 1. For other values of x, the preferred structure is a 
distorted Td or a mixture of square-planar and distorted Td 
geometries. In the nickel complexes the favored structure a t  
x = 1 or 2 is the distorted octahedral. For x values of 3 or 
4 the preferred orientation becomes Td. Minor differences 
between Cu(I1) and Ni(I1) are  probably due to Jahn-Teller 
effects occurring in the copper complexes, which prevent 
octahedral configuration for CU(II).~O 

Presently we are  working on the syntheses of the bromine 
and iodine analogues of these complexes. We are attempting 
to obtain a single crystal from solution in order to enable us 
to do X-ray crystal structures of the polymeric chloride 
c o m p ~ u n d s , ~ '  We are  also studying the magnetic suscepti- 
bilities of the title complexes down to liquid helium tem- 
peratures?2 

Conclusions 

1. T, is a function of R group, degree of hydrogen bonding, 
and nature of halogen: (a) The larger the R group, the higher 
is T,; when R is alkyl, T, is lower. (b) The greater the amount 
of hydrogen bonding, the higher is T,. (c) T, is lower for Br- 
than for C1-. 
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2. Compounds at room temperature appear to be polymers 
of distorted NiC16 octahedra sharing halogens at corners, 
containing hydrogen bonding from substituted ammonium 
groups. These conclusions were reached after considering data 
from magnetic susceptibility, far-infrared, and visible ex- 
periments, as well as powder x-ray patterns. W e  emphasize 
that the structure of the polymer can only be firmly established 
after X-ray structural analysis is completed. 

3. The compounds are thermochromic. These conclusions 
were reached after consideration of the visible, far-infrared, 
and magnetic susceptibility data. The thermochromism must 
involve a change in phase in which the coordination geometry 
around the central nickel atom changes from octahedral to 
tetrahedral. 

4. The thermochromism appears to be discontinuous and 
is reversible, although in most cases hysteresis plays an im- 
portant role. 

5 .  The strength of hydrogen bonding appears to follow the 
order 

R,NH,-,.HCI > ( [R,NH4-x]2NiC14), > [R,NH4-,12NiC14 
polymer blue, 

monomeric 

6 .  Similarities with related copper complexes are noted. 
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[CH3NH3]2NiC14 (polymer), 671 14-00-5; [(C- 
H3)2NH2]2NiC14 (polymer), 671 14-01-6; [(CH3)3NH]2NiC14 
(polymer), 671 14-02-7; [C2H5NH3I2NiCI4 (polymer), 671 14-03-8; 
[(C,H5)zNHz]2NiC14 (polymer), 671 14-04-9; [(C2H5)3NH]2NiC14 
(polymer), 671 14-05-0; [i-C3H7NH3I2NiCl4 (polymer), 671 14-06-1; 
[n-C3H7NH3]ZNiC14 (polymer), 67 114-07-2; [(C6H5CH2)CH3N- 
H212NiC14 (polymer), 671 14-08-3; [(C2H5)4N]2NiC14 (monomer), 
5964-71-6; [(CH3)4N]2NiC14 (monomer), 16594-86-8; [(n- 
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John R.  Ferraro and Anne T .  Sherren 

C3H7)3NH]2NiC14 (monomer), 671 14:09-4; [(C2H5)2NH2]2NiC14 
(monomer), 1958 1-94-3. 
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