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Abstract Crystals of Rh(CO)2(3,6-DBSQ) [3,6-DBSQ = 3,6-di-rert-butyl-l,2-semiquinone] have been reported to bend reversibly 
when exposed to light in the near-IR. Structural characterization on the complex has confirmed the Rh"-DBSQ charge distribution 
for the complex and shown that molecules are stacked in columns in the solid state with a slightly nonlinear oligomeric rhodium 
core. Magnetic features show marked temperature dependence with both ferromagnetic and antiferromagnetic interactions 
apparent over the temperature range between 330 and 5 K. Coupling between radical semiquinone ligands is propagated through 
Rh-Rh interactions along the column. Solution (pentane) UV-vis-NIR spectra recorded over the temperature range from 
300 to 150 K show evidence for oligomer formation with spectral changes resulting in a dramatic color change for the solution, 
from orange-brown at room temperature to dark green at lower temperatures. Strong transitions that appear in the NIR in 
solution at the lower temperatures also appear in the solid-state spectrum of the complex at room temperature. These properties 
reflect the strength of interactions between Rh(CO)2(3,6-DBSQ) molecules in the polymeric chain. The low-energy MLCT 
transition that is characteristic of the oligomeric structure may contribute to the unique photomechanical property of the complex 
in the solid state. 

Introduction 
Many of the interesting and important features of transition 

metal complexes containing catecholate and semiquinone ligands 
are related to the similarity in energy between the quinone ir*-
orbitals and the metal d-levels. This property is responsible for 
intense, low-energy charge-transfer transitions that sometimes 
extend well into the near-infrared (NIR).2 Several years ago 
crystals of a semiquinone complex of a platinum group metal were 
reported to bend reversibly when exposed isothermally to low 
energy light.3 Maximum sensitivity was found for light in the 
NIR with wavelengths in the 1200-1400-nm range, and the 
bending effect could be induced thermally. The complex that was 
the subject of this report is Rh(CO)2(3,6-di-ferf-butyl-l,2-
semiquinone).4 Experiments have been carried out on Rh-
(C0)2(3,6-DBSQ) in both the solid state and in solution to study 
properties that might contribute to this unusual behavior. 

Experimental Section 
Samples of Rh(CO)2(3,6-DBSQ) were prepared using procedures 

described previously.4 Long thin crystals were formed by cooling a 
saturated pentane solution of the complex. 

Physical Measurements. Magnetic measurements were made using 
a Quantum Design SQUID Magnetometer. Variable temperature UV-
vis-NIR spectra were recorded on a Perkin Elmer Lambda 9 spectro
photometer equipped with a RMC-Cryosystems cryostat. Standard 
1.0-cm solution cells were used. 

Crystallographic Structure Determination on Rh(CO)2(3,6-DBSQ). 
Crystals of Rh(CO)2(3,6-DBSQ) form as long thin needles that are dark 
red-brown in color. Few of the single crystals formed had sufficient 
volume for crystallographic investigation. One of the larger crystals 
obtained by recrystallization from pentane solution was mounted and 
aligned on a Siemens P3/F diffractometer. Photographs obtained on the 
crystal indicated triclinic symmetry, and a full sphere of data was col
lected using $-20 scans within the angular range between 3° and 50° in 
28. A summary of crystallographic data is given in Table I. The 
structure was solved using a combination of direct and Patterson meth
ods. Two independent complex molecules were located, stacked along 
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Table I. Crystallographic Data for Rh(CO)2(3,6-DBSQ)° 
mol wt 
color 
crystal system 
space group 
a (A) 
MA) 
c(A) 
a (deg) 
/8 (deg) 
T (deg) 
vol. (A3) 
Z 
A»icd (g cm"3) 
M (mm-1) 
T • T 
1 min» •* max 
R, Rw 
GOF 

379.2 
brown 
triclinic 
P\ 
6.551 (3) 
11.640(5) 
23.063 (9) 
75.60 (3) 
83.34 (4) 
78.64 (4) 
1665.9 (12) 
4 
1.512 
1.019 
0.714, 0.988 
0.060, 0.076 
0.95 

"Radiation, Mo Ka (0.71073 A); temperature, 294-297 K. 

Table II. Average Bond Distances and Angles for 
Rh(CO)2(3,6-DBSQ) 

Lengths (A) 
Rh-O 2.026(4) C1-C2 1.453(15) 
Rh-C 1.844(9) C2-C3 1.426(10) 
C-Oco 1.139(11) C3-C4 1.352(10) 
C1-0SQ 1.295 (8) C4-C5 1.414 (15) 

Angles (deg) 
O-Rh-0 79.9 (3) O-Rh-C 95.5 (5) 
C-Rh-C 89.2 (6) O-Rh-C 175.5 (5) 
Rh-C-Oc0 177.3 (9) 

the crystallographic a-axis. The locations of the four Rh atoms within 
the unit cell is pseudomonoclinic. However, the monoclinic symmetry 
is broken by the locations of the ligand atoms. Final cycles of full-matrix 
least-squares refinement converged with discrepancy indices of R = 0.060 
and Rx = 0.076. Atomic coordinates, tables containing detailed proce
dures used in the structure determination, full listings of bond distances 
and angles, atomic anisotropic displacement parameters, and hydrogen 
atom locations are available as supplementary material. Selected bond 
lengths and angles are given in Table II. 

Experimental Results 
Crystals of Rh(C0)2(3,6-DBSQ) form as long, thin triclinic 

needles in space group Pl with two independent molecules of the 
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Figure 1. (a) View of Rh(CO)2(3,6-DBSQ) down the crystallographic 
a* axis, (b) View showing the alignment of molecular columns within 
the unit cell. 

complex per unit cell. Planar complex molecules form in columns 
with metal atoms located atop one another as shown in Figure 
1. Within the unit cell pairs of centrosymmetrically related 
molecules define parallel columns. Rhodium atoms that form the 
core of a column are not perfectly aligned atop one another with 
angles between Rh-Rh vectors and complex planes that range from 
86.6° to 88.8°. Separations between Rh atoms are 3.252 (4) and 
3.304 (5) A, values that agree with Rh-Rh separations found for 
other stacked Rh(I) dimers and oligomers.5 Metrical dimensions 
for the quinone ligands are typical of coordinated semiquinones 
with an average C-O length of 1.295 (8) A and C-C lengths 
within the ring that show slight contraction at the C3-C4 and 
C5-C6 bond positions of the 3,6-DBSQ ligand. The average 
Rh-O length to the semiquinone oxygen atoms is 2.026 (4) A, 
and the Rh-C lengths to the carbonyl ligands average to 1.844 
(9) A. 

Magnetic measurements on Rh(CO)2(3,6-DBSQ) show evi
dence for both ferromagnetic and antiferromagnetic interactions. 
Magnetic susceptibility plotted as a function of temperature, 
recorded at a magnetic field strength of 10 kG, is shown in Figure 
2. A similar result was obtained at a field of 20 kG including 
the discontinuity below 100 K. The temperature dependence of 
susceptibility from 330 K to approximately 104 K may be fit to 
a Curie-Weiss plot with a 6 value of +20.7 K indicating the 
presence of a ferromagnetic interaction. Magnetic moment re
mains relatively constant over this temperature range, increasing 
slightly from 0.99 to 1.09 ^B Per Rh, values that reflect a com
peting antiferromagnetic interaction. A decrease in magnetization 
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Figure 2. Plot of magnetic susceptibility (m3 mol"1, X 105) of Rh-
(CO)2(3,6-DBSQ) versus temperature. Solid lines represent theoretical 
plots for ferromagnetic (T > 100 K) and antiferromagnetic (T < 50 K) 
coupling based on Curie-Weiss behavior. 

with decreasing field strength measured at 200 K confirms the 
predominant ferromagnetic character of the interaction at higher 
temperatures. At 105 K there is a sharp increase in magnetic 
susceptibility and magnetic moment that appears to result from 
ferromagnetic ordering. Magnetic moment increases to 1.49 nB 
before the increase in susceptibility is quenched at lower tem
peratures by antiferromagnetic coupling. Low temperature data 
shown in Figure 2 may be fit to a Curie-Weiss plot with a value 
for 6 of -11.7 K, with a drop in magnetic moment to 0.63 MB at 
5.0K. 

Radical semiquinone ligands are the paramagnetic centers of 
the individual complex units in the molecular chains. The com
plicated magnetic behavior in solid state indicates the presence 
of, at least, three types of intermolecular interactions within and, 
possibly, between chains of molecules. Direct interaction between 
radical ligands separated by more than 7 A along the column 
would be weak, and the magnetic behavior of Rh(CO)2(3,6-
DBSQ) demonstrates the strength of intermolecular communi
cation through the metal core of the molecular column. In toluene 
solution at room temperature Rh(CO)2(3,6-DBSQ) shows a three 
line EPR spectrum due to coupling with the two equivalent hy
drogen atoms at the four- and five-ring positions of the semi
quinone ligand.6 As temperature is lowered the spectrum dis
appears. UV-vis-NIR spectra of the complex show reversible 
dependence upon concentration and temperature. Spectra re
corded in pentane solution at room temperature show a MLCT 
band at 430 nm that has been assigned as the 2a ,(d^) -» 2b r 
(x*(SQ)) transition.7 As the temperature of the solution is 
decreased new bands appear in the visible and NIR regions with 
the development of a broad, intense transition at 1500 nm as the 
lowest energy transition. This band increases in intensity to 150 
K, our low-temperature limit. Spectra recorded on solid samples 
of Rh(CO)2(3,6-DBSQ) also show a broad transition centered 
at 1550 nm as the lowest energy transition with higher energy 
bands at 295, 470, and 790 nm. The temperature and concen
tration dependence of the solution spectra result from concaten
ation of complex molecules to give stacked oligomers. As stacks 
form, interacting dz2 orbitals combine to form filled band levels 
of higher and lower energy. Simple Hiickel theory may be used 
to model spectral shifts associated with the oligomerization pro
cess.8 With the assumption that the transition at 430 nm cor-
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Figure 3. Electronic spectrum of Rh(CO)2(3,6-DBSQ) recorded in 
pentane solution (1.58 X ICT4 M) over the temperature range from 255 
to 150K. 

responds to the dz2 — ir*(SQ) transition of the Rh(CO)2(3,6-
DBSQ) monomer (E0) and that the transition at 1500 nm is the 
related transition for the [Rh(CO)2(3,6-DBSQ)]„ limiting oligomer 
(E0 + 2/3), the value for the resonance integral associated with 
energy of the interaction between dz2 orbitals may be estimated. 
This value, 18 700 cm"1, may, in turn, be used to calculate the 
positions of bands associated with the dimer, trimer, tetramer, 
and higher order oligomers. Calculated values of 965 (dimer), 
1186 (trimer), and 1296 nm (tetramer) all have corresponding 
transitions that appear through the temperature range as shown 
in Figure 3. However, they do not account for all spectral changes 
that occur as temperature is decreased. A dramatic decrease in 
intensity of sharp, intense transitions at 320 and 340 nm is observed 
with an increase in absorption in the region between 500 and 900 
nm due to the appearance of four or five new transitions of lower 
intensity. These changes are responsible for a dramatic change 
in the color of the solution as temperature is decreased, from 
orange-red to dark green. 

Lange et al. 

Conclusions 
Temperature-dependent changes in electronic spectrum in so

lution result from catenation of complex units in stacked oligomers 
that are likely similar in structure to the form of the complex seen 
in the solid state. Magnetic behavior in the solid state is com
plicated, but it shows the effects of strong magnetic interactions 
between paramagnetic radical ligands within the stacks of stag
gered complex molecules. This interaction is propagated through 
the relatively weak Rh-Rh interactions that exist along the core 
of the molecular columns. An additional effect of the solid-state 
interactions is an unusually intense, low-energy electronic transition 
that does not appear for individual complex molecules. 

The structural, spectral, and magnetic properties of Rh-
(CO)2(3,6-DBSQ) are of interest, but it is unclear how they are 
related to the crystal bending effect. A model for the bending 
interaction may be envisioned, where transfer of charge from the 
high-energy Rh band-level to the quinone ligand strengthens and 
contracts the Rh stack on the irradiated side of the crystal. This 
view is probably too simple and fails to include the effects of 
solid-state discontinuities and defect structure that may contribute 
to the photomechanical properties in a significant way. Never
theless, the interesting spectral, structural, and magnetic properties 
of the compound provide a starting point for understanding the 
unique photophysical behavior of Rh(CO)2(3,6-DBSQ). 
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