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We have shown that stacked-layer. three dimensional Rh(1) organometallic coordi- 
nation polymers having bifunctional bridging aryl diisocyanides and interlayer 
Rh--- Rh interactions demonstrate photoconductive properties. Thin films of these 
materials can be prepared from dilute solutions containing small oligomers. These 
have revealed photoconductivities in the visible and near infrared regions. 

Keywords: photoconductivity, organometallic polymers, aryldiisocyanides, 
Rh(4 polymers, Rh(4  oligomers, photoelectric 

INTRODUCTION 

We have investigated the molecular design and preparation of various 
coordination polymeric systems using organotransition metal com- 
plexes and a series of bifunctional stereochemically rigid aryldiiso- 
cyanide ligands.’-’O Aside from the versatile coordination chemistry 
shown by these ligands, the existence of extensive “p-n” orbitals can 
allow for electron delocalization throughout these networks suggest- 
ing the existence of numerous electronic properties of interest. In 
fact, aryldiisocyanides have recently been shown to bridge between 
macromolecular square-pianar phthalocyanine systems resulting in 
new one-dimensional compounds showing significant electric con- 
ductivity.” The above approach to the molecular design of organo- 
metallic polymers has ,produced, among others, air-stable Rh(1) ar- 
yldiisocyanide polymers, [Rh((CN),Ar): C1 - ] n . 1 - 5  These networks 
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160 IRENE FEINSTEIN-JAFFE AND HARVEY FLAISHER 

have been shown to be particularly ordered by powder X-ray dif- 
fractometry." They are composed of rhodium atoms in a two-di- 
mensional. approximately square-planar geometry. Three-dimen- 
sional systems are then formed via stacking involving Rh(1)---Rh(1) 
interactions having interlayer spacings of 3.31 to 3.53f44.s (Figure 1). 

In anticipation of anisotropic properties for these systems, we in- 
vestigated their dark electrical conductivity and semiconductive be- 
havior. The results of this investigation have been recently reported. lo 

It may be noted that similar properties have been observed with Rh(1) 
tetrakismonoisocyanide cations having both simple anions,'* as well 
as TCNQ' as a radical anion.I3 This data as well as our own may 
suggest that these systems are one-dimensional metals wherein the 
metallic behavior has been quenched by disorder and imperfections. 
An alternative explanation for the electrical properties of these ma- 
terials may be the existence of small band-gap intrinsic or extrinsic 
semiconductor systems. with the latter being dominated by Rh(l1) 
impurities. 

FIGURE 1 Schematic representation of the three-dimensional [Rh(4,4'-diiso 
cyanobiphenyl); CI -1. network structure. 
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PHOTOCONDUCTIVITY OF Rh(1) ARYL. . . 161 

The strong visible absorptions (Figure 2) observed for the 
[Rh((CN),Ar);Cl-],, polymers can be accounted for by the presence 
of extensive columnar metal chains. The gross electronic spectral 
features of these polymers are similar to those reported,’ for oligo- 
mers of the type [Rh(CNR),];’ in which the visible bands have been 
assigned to transitions associated with weak intermetallic interactions. 
These electronic spectra may be understood in terms of a band dia- 
gram (Figure 3). This diagram is derived by the n-way splitting of the 
monomeric [ML4(D4J] alR (HOMO) and a,, (LUMO) levels of an 
isolated columnar metal chain section [(ML,),-eclipsed] of the pol- 
ymers. Here the bonding dz2 and antibonding (Pz.,*) bands are com- 
prised of n-filled (2n-electrons) and empty levels, respectively. The 
higher energy band in the spectra of the polymers may be assigned 
to either top-to-top or bottom-to-bottom transitions (see Figure 3). 
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FIGURE 2 Diffuse reflectance spectra of polymers (A), [Rh(l,.l-diiso- 
cyanobenzene); Cl- 1, and (B), [Rh(4,4’-diisocyanobiphenyl); C1-1,. 
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162 IRENE FEINSTEIN-JAFFE AND HARVEY FLAISHER 
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FIGURE 3 Proposed relative energy band diagram for polymers [Rh(1,4- 
diisocyanohenzene); CI and [Rh(3.4'-diisocyanobiphenyl),'CI ~ I,,. 

These transitions are expected to be of comparable energies to those 
assigned as IA,, --+lAz,, in the case of the mononuclear complexes, 
[Rh(CNR),)] + . The broad absorptions oberved fGr the lower energy 
transitions associated with Rh(1)---Rh( I )  interactions are most prob- 
ably due to band-gap transitions, and may be viewed as consisting of 
a multitude of transitions occuring between the upper region of the 
bonding and the lower region of the antibonding bands. 

The spectral absorptions in the ultraviolet, visible, and near in- 
frared regions noted for [Rh((CN),Ar): C1-],2.5 led us to consider 
the possible photoelectric properties of these systems. Materials dem- 
onstrating photoconductive properties are of current interest in their 
potential application in numerous devices, i.e., photoelectrochemical 
devices," vidicon television pickup  tube^,'^ xerographic photorecep- 
tors.I6 etc. Metall~phthalocyanines,~'~'~ arylethynl copper poly- 
m e r ~ , ' ~  and metalloporphyrin filmsz0 have all been reported to be 
photoconductive organometallic systems. Very recently, reports re- 
vealing photoconductive behavior for copper phthalocyanine,zl lead 
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PHOTOCONDUCTIVITY OF Rh(1) ARYL. . . 163 

phthalocyanine22 and p-cyanophthalocyaninato Co(II1) polymersz3 
have appeared, further stimulating interest in photoelectric properties 
of organometallic systems. The former report compared the photo- 
electric behavior of monomeric and polymeric copper phthalocyanine 
in order to investigate the influence of polymerization on these prop- 
erties. 

We report here that [Rh((CN),Ar); C1-1, polymers,s which pre- 
cipitate out of concentrated oligomeric solutions, show photocon- 
ductive behavior. Thin films prepared by evaporation of these same 
oligomeric solutions on conductive glass reveal photoconductive 
properties as well, in the visible and near infrared regions. Our results 
reported here, demonstrate somewhat similar trends to those of the 
monomeric and polymeric copper phthalocyanine systems.*l 

EXPERIMENTAL 

Powdered [Rh((CN),Ar) C1-1, polymers were synthesized from 
[Rh(CO),Cl], and the respective aryldiisocyanide~;~~ their prepara- 
tion has been previously r e p ~ r t e d . ~  These polymers are best for- 
mulated as [Rh((CN),Ar):Cl-. x H,O],, x = 0-10, unless they are 
handled in a dry box or dried under high vacuum (8O"C/O.1 torr) in 
order to remove the associated water molecules. Photoconductivity 
measurements were performed on compressed pellets (10 ton 
crn-,min-') of these materials. 

All thin films were prepared from 2.6 x 10-3M CH,Cl, solutions 
of [Rh(CO),Cl], to which a 1.0 x 10-,M CH,Cl, solution of the re- 
spective aryldiisocyanide had been dropped rapidly via a dropping 
funnel. The allowed reaction time controlled the extent of oligo- 
merization as could be observed by diffuse reflectance spectroscopy 
using a Cary 15 spectrophotometer fitted with a diffuse reflectance 
measurement apparatus. MgC03 was taken as the standard material 
for which was assumed 100% reflectivity or 0% absorbance (there 
are small deviations from these percentages but they are negligible 
in the region of mea~urement). ,~ During measurement this standard 
was placed directly behind the translucent films in order to reflect 
the light back into the diffuse reflection sphere. All samples measured 
were then compared to this standard and plotted accordingly in ab- 
sorbance terms. This technique was used to measure the spectral 
response of all films and pellets. In order to extend these measure- 
ments into the near-infrared (in the range 700-1100 nm), a silicon 
photodiode was used. The films were prepared by dipping conductive 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
43

 1
9 

Fe
br

ua
ry

 2
01

3 



164 IRENE FEINSTEIN-JAFFE AND HARVEY FLAISHER 

glass slides (tin oxide coated glass) into the above solutions followed 
by evaporation. Films prepared using this method were observed via 
electron microscopy to be <0.1p in thickness. They were then sput- 
tered with a Au target producing a 800-1000A layer. Unavoidable 
pinholes in the thin films prepared in this manner resulted in contact 
between the gold sputtered layer and the conductive glass. This led 
to a large shorting current which prevented us from observing the 
voltage dependence of the photoconductivity. Significantly thicker 
films, wherein pinholes may have been eliminated, could not be pre- 
pared due to polymer precipitation as fine powders from the oligo- 
meric solutions during additional dipping of the glass slides. 

The arrangement used for photoconductivity measurements for 
both the thin films and pellets has been reported earlier." A poten- 
tiostat was used to convert current to voltage and to apply a voltage 
bias (1.2 Volts for the pellet and less than a few millivolts for the 
films). The light source was a 250W tungsten-halogen projector. A 
silicon photodiode was used to verify that the intensity of this source 
was constant throughout the experiments. The power per unit surface 
of the source was measured with a YSI-Kettering model 65A radi- 
ometer. We attempted to obtain photoconductive spectra using either 
a monochromator or bandpass filters; in both cases the signal was 
attenuated to values below the noise level. Therefore action spectra 
were obtained using a series of cut-off filters at 420, 495, 610, 695, 
780, 850, and 1000 nm. These measurements were initially obtained 
as bar graphs of photocurrent normalized to incident power and were 
then smoothed into curves for the sake of clarity. The light beam was 
modulated using a mechanical chopper (21 Hz for the pellet and 40 
Hz for the films, Model PAR 192) and the ac signal was detected 
with a Brookdeal 9505 SC lock-in amplifier. 

RESULTS AND DISCUSSION 

The only polymeric sample which displayed a measurable photocur- 
rent was the [Rh(4,4'-diisocyanobiphenyl): CI pellet, whose spec- 
tral profile is shown in Figure 4. These measurements were all taken 
under an applied external field. When the same pellet was measured 
in the absence of such a field no observable photocurrent was de- 
tected. While the photoresponse was reproduced at the time of meas- 
urement, no response was detected some weeks later. The poor pho- 
toresponse, which we attribute to recombination in the pellet, prompted 
us to prepare thinner samples to enhance the ability of charge carriers 
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FIGURE 4 Photoconductivity spectrum of polymeric pellet of [Rh(4,4’-diiso- 
cyanobipheny1);CI -1.. 
Vertical lines show the intervals of measurement. 

to reach the metal contacts. The ability to prepare soluble 
[Rh((CN),Ar):Cl-], oligomers having metal-metal interactions sug- 
gested that we could “freeze-out’’ these systems, not allowing them 
to undergo further polymerization, by rapid evaporation as thin films 
on microscope slides. Further polymerization leads to powdered pre- 
cipitates which are not amenable to thin film preparation. Therefore, 
investigation of the photoconductivity of these thin film samples is 
limited to metal-metal interacted oligomers and does not allow for 
the study of the polymers as films. 

Figures 5 ,  6 and 7 show the photoresponse (normalized photocur- 
rent, nA/W) as a function of wavelength for three different films of 
[Rh( 1,4-diisocyanobenzene): C1 -1,. Superimposed on each of these 
figures are the respective diffuse reflectance spectra and it is the latter 
which we would like to discuss first. In order to understand the 
reflectance data of the films, it is useful to discuss the spectral ab- 
sorbance of the solutions from which these films were prepared as 
well as that of soluble monoisocyanide oligomers, [Rh(CNPh),]; + . 
For the latter it has been shown that these complexes undergo oli- 
gomerization via metal-metal interactions as viewed by the appear- 
ance of -600 and -750 nm absorptions.*’ We have made similar 
observations for solutions of [Rh((CN),Ar)l C1-1, employing aryl- 
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FIGURE 5 Photoconductivity spectrum of (Rh( 1.4-diisocyanobenzene) ; C1- 
Film 3 (unbroken curve). Diffuse reflectance spectrum of Film 1 (broken dotted curve) 
and uncoated conductive glass (broken triangular curve). 

diisocyanide ligands. These latter spectra can be measured at  rela- 
tively high concentrations (-2.6 x 10-'M).s Our results suggest the 
beginning of metal-metal bond formation in solution at these con- 
centrations. With more dilute solutions ( -2 .6  x lo-") the absence 
of any bands in the visible region indicates that sufficiently soluble 

L 

Wavelength (nm) 
FIGURE 6 Photoconductivity spectrum of [ Rh(l.4-diisocyanobenzene); CI - I n ,  Film 
2 (unbroken curve). Diffuse reflectance spectrum of Film 2 (broken curve). 
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FIGURE 7 
3 (unbroken curve). Diffuse reflectance spectrum of Film 3 (broken curve). 

Photoconductivity spectrum of [Rh( 1,4-diisocyanobenzene)~CI~~,, Film 

oligomers are formed through the linking ligand rather than by in- 
termetallic  interaction^.^ Thin films prepared from these same solu- 
tions after different reaction times have also shown thesz spectral 
features, measured using diffuse reflectance spectroscopy and an ap- 
propriate standard material. 

Our experiments have shown that the reflectivity of these samples 
is constant in the region of measurement. Therefore it appears that 
the spectral features identified using diffuse reflectance spectroscopy 
(see experimental section) correspond to absorbances as depicted in 
Figures 5-7. Photoacoustic spectroscopic measurements gave ab- 
sorbance spectra corroborating the above. 

The size of metal-metal linked oligomers would be expected to 
increase with both reaction time (prior to film preparation) and so- 
lution concentration. The reflectance spectra support this. Film l 
(Figure 5 )  was prepared using the shortest reaction time (-5 min.) 
and no defined absorbance maxima is observed in the visible range. 
Therefore, it appears that only oligomerization via the linking diiso- 
cyanide has taken place without the formation of Rh---Rh interacted 
oligomers. Figure 5 also shows that the spectral contribution of the 
tin oxide coated glass upon which the films were evaporated is vir- 
tually negligible in the visible and near-infrared range. Film 2 (Figure 
6 )  was prepared using a reaction time approximately twice that of 
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I68 IRENE FEINSTEIN-JAFFE A N D  HARVEY FLAISHER 

Film 1. The presence of low-intensity absorbance bands at -600 and 
-750 nm are visible in the absorbance spectrum of this film. Based 
on spectral assignments for the extensively investigated monoiso- 
cyanide [Rh(CNPh),];: + oligomers, we assign these absorbance bands 
to mixed oligomeric dimer-trimer systems (via Rh---Rh interactions). 
The preparation of the third film [ Rh( 1.4-diisocyanobenzene): CI],, 
(Figure 7) employed reaction times twice that of Film 2 and its spec- 
trum displays a heightened absorbance maxima at -750 nm. This is 
indicative of the predominant presence of metal-metal interacted tri- 
mers in this film. As higher oligomeric species are known to absorb 
in the 600-750 nm region,’7 mixtures with higher oligomers are pos- 
sible in both the two latter films. 

We now consider the photoconductivity spectra in Figures 5-7. 
These have also been reproduced in Figure 8 for the sake of con- 
venient comparison. Although one may intuitively expect increases 
in photoconductivity to occur at wavelengths of peak absorption, this 
is by no means a necessary requirement. We have observed only 
partial correlation between the photoconductivity and absorption 
spectra. For example, the decrease in photoconductivity for Films 2 
and 3 (Figures 6 and 7, respectively) upon approaching the ultraviolet 
range, contrasts the films’ absorption in the same region. Further- 
more. Film 3 displays a maximum in photoconductivity at -600 nm 
where an absorption minimum exists. As of yet we have no expla- 
nation for the heightened photoconductivity signal of Film 3 (Figure 
8) compared to Films 1 and 2. However, the general trend in Figure 
8 is clear; as the size of the metal-metal interacted oligomers increases, 
a shift in photoconductive response from -400 nm (Film 1) to 600 
nm (Film 2) to 750 nm (Film 3) occurs. All films show increases in 
photoconductivity at -1000 nm suggesting that this may be due to 
an infrared absorption of the monomeric unit itself. 

Recent comparative studies on the photoconductivity of mono- 
meric copper phthalocyanine, monoCuPc, and polymeric phthalo- 
cyanine systems, polyCuPc,” have evidenced a broad photoconduc- 
tivity band which decreases upon going to longer wavelengths (visible 
-+ near-infrared) for the polymeric system. The monoCuPc complex 
was characterized by an increase in photoconductivity upon going to 
longer wavelengths and distinct photoconductivity peaks at -850 nm 
and -1050 nm were observed.*l Film 1 for which spectral evidence 
has shown the absence of oliomeric species through Rh-Rh inter- 
actions shows a minimal relative photoconductivity in the -500-800 
nm range with significantly increasing photoconductivity in the near 
infrared at -lo00 nm. This behavior bears similarity to the monoCuPc 
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FIGURE 8 Comparison of action spectra of the three [Rh(l,4-diisocyano- 
benzene);CI-1, films; Film 1 (- ), Film 2 (- - - - -), and Film 3 (- - - -). 

complex. Films 2 and 3 most probably represent intermediate stages 
for which no comparison is available in the CuPc system, and show 
different photoconductivity maxima in the visible region. However, 
the polymeric Rh(I)-4,4'-diisocyanobiphenyl pellet has indeed shown 
a steady decrease in photoconductivity as a function of longer wave- 
lengths similar to polyCuPc. It should be noted, however, that not 
all organometallic polymers follow the trends of decreasing photo- 
conductivity in the near-infrared regions. Both polymeric [ P c G ~ S ] , ~ ~  
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170 IRENE FEINSTEIN-JAFFE AND HARVEY FLAISHER 

and [PCCOCN],~' show defined photoconductivity maxima at - 1000 
nm. 

CONCLUSIONS 

We have observed different visible and near-infrared photoconduc- 
tive reponses for the Rh(1) aryldiisocyanide polymeric pellet and 
various thin films described here. By varying reaction times and/or 
reactant concentrations, thin films containing various [Rh((CN), 
Ar);Ci-],, oliogmeric lengths (via metal-metal interactions) have been 
prepared. It is difficult to extrapolate and draw conclusions for films 
of longer oligomers, however, on the basis of the data at hand, we 
have observed a general trend worth noting for the photoresponses 
in these films. In these samples, the maximal photoconductive re- 
sponse is red shifted with increasing degrees of metal-metal oligo- 
merization. These films then demonstrate photoconductivity in de- 
fined spectral regions. This property of spectral selectivity suggests 
their potential use as optical filters and as novel photoconductive 
materials. 
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