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Chemical Reactivity of Wiirster’s Salts at Very High Pressure
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The electrical and chemical properties of some Wiirster’s salts have been studied under the static pressure of

up to 250 kbar.
irreversively with increasing pressure.

is associated with chemical reaction induced by the pressure.

In most cases the resistances of the salts decreased to the respective minima and then rose
Spectral observations on the recovered specimens revealed that such behavior

This reaction takes place more readily in the salts of p-

phenylenediamine cation radical than in those of Wiirster’s red or Wiirster’s blue radicals.

Recent high-pressure studies on organic solid materials
have shown that a number of charge transfer com-
plexes!=® and ion radical salts®—9 cause chemical changes
above one hundred kilobars't or so. The occurrence
of chemical reaction is unequivocally indicated by the
peculiar behavior in electrical resistance of the specimen
showing a minimum on the way of increasing pressure
and monotonic rise on the way of decreasing pressure.
The samples recovered after the application of pressure
were chemically analysed and the reaction mechanisms
were elucidated.2—%

In a previous paper® we reported the pressure-induced
chemical reactions in three charge transfer (CT)
complexes of p-chloranil with aromatic diamines. In the
crystalline state of CT complexes the donor and acceptor
molecules are generally stacked alternately in columns.
The crystals of ion radical salts, on the other hand, are
made up of columns of ion radicals. The interactions
between adjacent molecules within a column are strong
while the interaction between columns are much weaker.
Therefore, the chemical reactivities of ion radical salts
would be different from those in CT complexes.

The present investigation was undertaken to see
chemical reactivity at very high pressure in a series of
ion radical salts derived from p-phenylenediamine (PD),
N, N-dimethyl-p-phenylenediamine and N,N,N',N’-
tetramethyl-p-phenylenediamine The counter ions were
iodide, bromide and perchlorate. The electrical resis-
tance measurements of the radical salts were carried out
under various pressures and the reaction products
recovered after the application of high pressure were
analysed spectroscopically.

Experimental

Materials. p-Phenylenediamine bromide (PDB) and
p-phenylenediamine iodide (PDI) were prepared by the re-
action of p-phenylenediamine with the respective halogens in
methanol. Wiirster’s red bromide (WRB) and Wiirster’s
red iodide (WRI) were obtained by the reaction of N,V-
dimethyl-p-phenylenediamine with the respective halogens in
methanol. p-Phenylenediamine perchlorate (PDP), Wiirster’s
red perchlorate (WRP) and Wiirster’s blue perchlorate (WBP)
were prepared by the oxidation of dissolved amine perchlorate
and sodium perchlorate with bromine in ethanol!® The
radical salts were submitted for elementary analyses on for-
mation and were compressed within a week.

t Present address: Institute for Molecular Science,
Olazaki, Aichi 444.

1 bar=10%Pa.

High-pressure System. The materials described above
were compressed in a split sphere-type apparatus.!V The
apparatus is composed of cube, sphere and cylinder, all split
up and assembled in a layered structure as shown in Fig. 1.
A sphere made of hardened steel is equally divided into six
segments, each with a square face at the front. Three out
of the six segments are placed in a hemispherical space on
the upper part of a cylinder. Similarly, the second assemblage
is constructed using the remaining three segments. The
two assemblages are set opposed and joined so that a cubic
cavity whose (111 direction is parallel to the axis of cylinders
is formed in the center of the join.

Sample
chamber

Cubic anvil

Spacer -
Spherical
segment
Cylinder
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100mm
Fig. 1. A schematic drawing of the high-pressure

apparatus.

An assemblage of eight cubic anvils made of cemented
tungsten carbide is placed in the cubic cavity. A corner of
each cubic anvil is truncated to form a triangular face. When
the eight cubic anvils are put together an octahedral hollow
space is formed in the center of the assemblage. Into this
space is placed an octahedral pressure-transmitting medium
made of pyrophyllite (Al,O;-4Si0,-H,0). Crushable
spacers made of cardboard are sandwiched in the gaps among
the eight cubic anvils. When the two cylinders containing a
split sphere and cubes are compressed in a uniaxial press,
the thickness of the spacers decreases and quasi-hydrostatic
high pressure is generated in the octahedral chamber. The
pressures are calibrated by measuring the sharp resistance
changes at the phase transitions of Bi (Bij_; at 25 kbar,
Biy_y; at 74 kbar), ZnTe (127 kbar), Pb (132 kbar), ZnS
(153 kbar), GaAs (177 kbar) and GaP (222 kbar).12-1

As shown in Fig. 2 the sample is enclosed within a Teflon
capsule which is inserted into a hole drilled from a face to
face of the ocatahedral chamber. Two platinum electrodes
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Fig. 2. A cross section of the octahedral pressure
chamber.

for resistance measurements are taken out of the octahedron
and are in contact with the top faces of the two of the eight
cubic anvils. Electrical insulation between the anvils is
provided by cardboard spacers and also by thin sheets of mica.

Measurements. The electrical resistance of the samples
under pressure is measured via two cubic anvils with a Keithley
160B digital multimeter. The resistance of the cubic anvils
is low enough to be neglected. On the other hand, the
resistance of the pressure-transmitting medium is higher than
that of any of the present samples by more than one order of
magnitude. Thus the observed resistance reflects substan-
tially the behavior of the sample. For the recovered
samples after the application of pressure, the electronic spectra
are obtained on the KBr disks with a Shimadzu Model MPS-
50L multipurpose spectrometer. The vibrational spectra are
obtained on a JASCO JRA-1 type diffraction grating infrared
spectrometer using a similar KBr method.

Results

PD Cation Radical Salts. In Fig. 3 the electrical
resistance of PDP is plotted on a logarithmic scale as a
function of pressure. The resistance drops rapidly with
pressure up to about 130 kbar. At higher pressure the
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Fig. 3. Electrical resistance versus pressure for PDP.
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Fig. 4. Infrared spectra.
A: PDP at 1 bar, B: the sample recovered after the
application of 140 kbar, C: the sample recovered after
the application of- 180 kbar; -D: the sample recovered

after the application of 220 kbar.

resistance begins to rise. A noticeable upward drift
of the resistance continues while the pressure is kept
fixed. Beyond 200 kbar the resistance begins to decrease
slowly. The resistance changes on the unloading process
as shown by a dotted line in the diagram.

Figure 4 shows the infrared (IR) spectra of PDP
before and after the compression. It should be noted
that there was no appreciable change in the spectrum
for the specimen compressed to pressures lower than
130 kbar, where a minimum appears in the electrical
resistance. At 140 kbar new bands become to appear
on the IR spectrum B, and at 180 kbar they become
stronger as shown by the spectrum C. The bands
indicated by arrows in Fig. 4, at 3420, 3330, 2590,
1505, 1300, 1195, 820, and 505 cm~!, are assigned to
4-aminophenylammonium perchlorate, [PDH+][ClO,].
This was confirmed by the comparison of the bands
with those in the IR spectrum of the synthesized authen-
tic sample. The spectrum D is quite simple, suggesting
that the product at higher pressure is polymeric. In
the spectra of the high-pressure products in Fig. 4,
there remain the bands responsible for the starting
material, showing that the reaction in this system is
rather slow.

Figure 5 shows the electronic absorption spectra of
PDP and its reaction products recovered after the
application of pressure, all specimens containing equal
amounts of PDP in each of the KBr pellets. In the
spectrum of PDP at 1 bar, the band at 13000 cm™! is
assigned to the charge transfer between cation radicals,
whereas the peaks at 28800 and 35500 cm™1 are due to
the local excitation between cation radicals.!”) As seen
in Fig. 5 the band at 13000 cm~! becomes weaker and
shifts to blue with increasing pressure. The intensities
of the peaks at 28800 and 35500 cm™! decrease and the
peaks shift to red with increasing pressure. The spectrum
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Fig. 5. Electronic absorption spectra.
A: PDP at 1 bar, B: the samle recovered after the
application of 140 kbar, C: the sample recovered after
the application of 180 kbar, D: the sample recovered
after the application of 220 kbar,
The weight concentration of the above samples are
epual to each other.
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Fig. 6. Electrical resistance versus pressure for PDB and
PDI.

C in Fig. 5 is well accounted for by a formation of
[PDH*][CIO,~]. In coincidence with the IR spectrum
D in Fig. 4, the spectrum D in Fig. 5 is quite simple.
Figure 6 shows the electrical resistance versus pressure
curves for PDB and PDI. The resistance of PDI is
lower than that of PDB by about one order of magnitude
throughout the pressure range covered. The resistance
of PDB decreases by approximately four orders of
magnitude when pressurized to 150 kbar, where
a minimum appears. Above this pressure the electrical
resistance of PDB begins to increase. As the pressure
is released the resistance increases monotonously,
suggesting that chemical reaction takes place in PDB
above 150 kbar. The electrical resistance of PDI
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decreases by compression to about 120 kbar, above which
it begins to rise. The behavior is irreversible on unload-
ing process. This again suggests that chemical reaction
takes place. The recovered PDI specimens were
inspected after the application of pressures up to 200
kbar. Both the IR and electronic absorption spectra of
compressed PDI were quite similar to those of com-
pressed PDP. This shows that the high-pressure product
of PDI is [PDH+][I-].
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Fig. 7. Electrical resistance versus pressure for WRP,
WRB, and WRIL

WR Cation Radical Salts. Figure 7 shows the
electrical resistance of WRP, WRB, and WRI as
a function of pressure.  The resistance of these
WR radical salts at high pressure are higher than
those of PD radical salts. For WRP there appears
a broad minimum around 190 kbar. The electrical
resistance of WRP changes on unloading process in a
different way from that shown on compression, indicat-
ing chemical reaction. The resistance of WRB decreases
monotonously up to the highest pressure applied in this
work. There might be a minimum in resistance at
higher pressure. The resistance of WRI first increases to
about 40 kbar, then decreases and after a broad minimum
it increases again. The first increase of resistance is not
well understood at present. From the resistance-pressure
curve, the solid-state reaction in WRI seems to take
place at a pressure of 180 kbar. No attempt was made
to recover the specimen after the application of pressure
and to carry out its spectral inspection.

WB Cation Radical Salt. Figure 8 shows the
change of electrical resistance of WBP as a function of
pressure. There appear two minima, the first at about
25 kbar, and the second around 220 kbar. @ WBP
transforms at ambient pressure from the orthorhombic
to monoclinic structure near 190 K. The pressure
dependence of this transition temperature is reported to
be 10 deg/kbar.’® The linear extrapolation to room
temperature locates the transition pressure at about
11 kbar, which is much less than the first minimum
pressure. It is not certain whether or not the first
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Fig. 8. Electrical resistance versus pressure for WBP.

minimum reflects the phase transition. Since the
resistance drifts upward after the second minimum and
increases irreversibly on decreasing pressure, the second
minimum is attributable to chemical reaction, as in the
case of PD radical salts, WRP and WRI.

Discussion

The product of the high-pressure reaction in PDP is,
as described earlier, [PDH*][ClO,~]. A possible scheme
for the reaction to [PDH*][ClO,] from PDP is as
follows.

i) Proton transfer between ClO,~ and PD cation
radicals, yielding semi-quinone type radical and HCIO,.

H,N—¢ I>~NH2 + CIO, —

HNS >-NI'{ + H*CIO,"

i1) Disproportionation between two radicals to form
neutral PD and p-benzoquinone diimine.

/: .
HN-( )-NH
H2N—®—NH

<N = N
H,N <\: D-NH, + HN_\:> NH
iii) Addition of HCIO, to PD.

HN-C _>—NH2 + H*CIO,” —

HZN—O—NHZ-H"CIO;

When PDP crystal is heated at 120 °C under vacuum,
a solid-state reaction takes place within several hours.
The products are PD, 4,4'-diaminoazobenzene (AZ),
N1, N*-Dis (p-aminophenyl) -2, 5-diamino- 1, 4-benzo-
quinone diimine (Bandrowski’s base, BB) and its
polymer, among which BB-polymer and PD are predom-

———
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inant.’® These materials are not recognized in the
spectra of the high-pressure product of PDP. In order
that BB2% be produced by the linkage of three adjacent
PD molecules in the crystalline state, the PD molecule
to be centered should rotate to a certain amount
because they are stacked in parallel face to face positions.
This rotation will be facilitated in solids at higher
temperature in vacuo, while it will be rather retarded
under high pressure. BB is also synthesized by the
reaction of PD cation radical with the parent molecule
in ethanol solution.?)) The requisite linkage of three
molecules for the formation of BB would be much
easier in the solution than in the solid state.

TABLE 1. PRESSURE AT WHICH A MINIMUM APPEARS
IN THE ELECTRICAL RESISTANCE OF RESPECTIVE
WURSTER’S SALTS

Counter ion

Cation radical

clo,- Br- I-

P i,/kbar
PD+ 130 150 120
WR+ 190 230 180
WB+ oo a) a)

a) Not measured.

Table 1 lists Pp,;,, the pressure at which the electrical
resistance shows minimum. As described earlier, P ;,
reflects the commencement of solid-state reaction. In
PD radical salts P, increases with the order; iodide,
perchlorate and bromide. The reactivity!® of the PD
radical salt in the thermal reaction at ambient pressure
becomes lower in the same sequence, indicating that
the chemical reactivity in PD radical salts at high
pressure is similar to the thermal reaction at 1 bar,
although the products and hence the mechanisms are
different. In the WR radical salts, the chemical reac-
tivity at high pressure decreases with the order; WRI,
WRP and WRB, in coincidence with the salts of PD
radical. The counter ions are, therefore, very effective
in the chemical reactivity in PD and WR radical salts
at high pressure.

For PDP, WRP, and WBP, on the other hand, the
chemical reactivity decreases at high pressure as the
cation radical changes in the order PD, WR, and WB.
The order holds also for salts of bromide and iodide.
This sequence of chemical reactivity may be attributed
to the difference in the number of active protons in
PD, WR, and WB molecules, respectively.

In some of the present radical salts the interplanar
spacing of cation radicals is quite short with respect
to that calculated from the van der Waals distances.
The separation is 3.105 A in WRB?) and 3.550 A in
WBP,2) respectively, which is to be compared with
that of tetrathiafulvalenium (TTF) cation radical in
TTF salts. The spacing of TTF molecules is 3.57 A in
TTFBry 4,20 3.56 A in TTF,I;?) and 3.48 A in TTF-
TCNQ (tetracyanoquinodimethane),?® respectively.
These TTF cation radical salts undergo chemical reac-
tions at pressures below 50 kbar,®® whilst much higher
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pressures are required for the reactions in Wirster’s
salts. Therefore, the short spacing of the cation radicals
does not necessarily facilitate the chemical reactivity
of the compressed radical salts. Partial charge transfer,
prevailing in the TTF cation radical salts,2:%") seems to
be more effective in causing the chemical changes at
high pressure. This is evidenced by the pressure-induced
chemical reaction of TCNQ anion radical salts?? in
which is also observed partial charge transfer.

This work was supported in part by the Ministry
of Education under the Grant-in-Aid for Scientific
Research, No. 054164.

References

1) W. H. Bently and H. G. Drickamer, J. Chem. Phys.,
42, 1573 (1965).

2) V. C. Bastron and H. G. Drickamer, J. Solid State
Chem., 3, 550 (1971).

3) M. I. Kuhlman and H. G. Drickamer, J. Am. Chem.
Soc., 94, 8325 (1972).

4) T. Sakata, A. Onodera, H. Tsubomura, and N. Kawai,
J. Am. Chem. Soc., 96, 3365 (1974).

5) A. Onodera, T, Sakata, H. Tsubomura, and N. Kawai,
Proc. 4th Int’l Conf. High Pressure, Kyoto (1974) p. 713.

6) R. B. Aust, G. A, Samara, and H. G. Drickamer, J.
Chem. Phys., 41, 2003 (1964).

7) 1. Shirotani, A. Onodera, and N. Sakai, Bull. Chem.
Soc. Jpn., 48, 167 (1975).

8) A. Onodera, I. Shirotani, Y. Hara, and H. Anzali,
High Pressure Science and Technology: 6th AIRAPT
Conf., Boulder (1977) p. 498.

9) A. Onodera, I. Shirotani, and H. Anzai, in prepa-
ration.

[Vol. 52, No. 2

10) L. Michaelis and S. Granik, J. Am. Chem. Soc., 65,
1747 (1943).

11) N. Kawai, M. Togaya, and A. Onodera, Proc. Jpn.
Acad., 49, 623 (1973).

12) A. Ohtani, S. Mizukami, M. Katayama, A. Onodera,
and N. Kawai, Jpn. J. Appl. Phys., 16, 1843 (1977).

13) A. Ohtani, A. Onodera, and N. Kawai, Rev. Sic.
Instrum., in press.

14) G. J. Piermarini and S. Block, Rev. Sci. Instrum., 46,
973 (1975).

15) F. P. Bundy, Rev. Sci. Instrum., 46, 1318 (1975).

16) K. J. Dunn and F. P. Bundy, Rev. Sci. Instrum., 49,
365 (1978).

17) Y. Oohashi and T. Sakata, Bull. Chem. Soc. Jpn., 46,
765 (1973).

18) R. C. Hughes, A. W. Merkl, and H. M. McConnell,
J. Chem. Phys., 44, 1720 (1966).

19) T. Sakata, T. Fujita, and H. Tsubomura, 32th National
Meeting of the Chemical Society of Japan, Tokyo, April 1975,
20) E. Bandrowski, Ber., 27, 480 (1894).

21) T. Sakata, M. Hiromoto, T. Yamagoshi, and H.
Tsubomura, Bull. Chem. Soc. Jpn., 50, 43 (1977).

22) J. Tanaka and N. Sakabe, Acta Crystallogr., Sect. B,
24, 1345 (1968).

23) J. L. de Boer and A. Vos, Acta Crystallogr., Sect. B, 28,
835 (1972).

24) S. J. LaPlaca, P. W. R. Corfield, R. Thomas, and
B. A. Scott, Solid State Commun., 17, 635 (1975).

25) J. J. Daly and F. Sanz, Acta Crystallogr., Sect. B, 31,
620 (1975).

26) T.]J. Kistenmacher, T. E. Phillips, and D. O. Cowan,
Acta Crystallogr., Sect. B, 30, 763 (1974).

27) W. D. Grobman, R. A. Pollak, D. E. Eastman, E. T.
Mass, Jr., and B. A. Scott, Phys. Rev. Lett., 32, 534 (1974).






