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Figure 1. The modified Morse function ¥(r — ry) = Dgfexp[-2B(r —
ro)]-2n% exp[—B(r — ro)]} (eq 5) with Dy = 100 kcal mol™, B = 2 A,
g =1, n =1 (outer curve), 0.9, 0.8. Note the sharp decrease in disso-

ciation energy as the equilibrium distance increases (compare eq 10).

a unifying thread connecting changes in bond energy, bond dis-
tance, and stretching force constants.

The connection between bond distance and energy (eq 10) is
particularly interesting and important, because it provides a ra-

tionale for the astonishingly sharp sensitivity of activation energy
of bond-breaking processes to quite small changes in ground-state
geometry!!12 (Figure 1). With AG*/dr values of the order of
200-300 kcal mol™ A-!, bond length differences of a few hun-
dredths of an A between corresponding bonds in related structures
should have a profound influence on the rates of corresponding
bond-breaking reactions.!” This connection underlines the need
for accurate bond length measurements in structural studies
bearing on questions of chemical reactivity.!® Since careful X-ray
diffraction studies, especially at low temperatures, are perfectly
capable of determining interatomic distances with a precision of
the order of 0.001-0.002 A, interesting results can be expected
in this direction.

Another problem of interest is the dependence of ground-state
structure on bond environment factors such as hydrogen bonding,
donor-acceptor interactions, stereoelectronic effects, etc. and the
consequences for reactions involving bond breaking. In particular,
we envisage that binding of a substrate to the active site of an
enzyme may be accompanied by small structural changes that
could have dramatic effects on reaction rate.

(17) Of course, the identification of dAG? /dr with D(r,)/dr, is valid only
insofar as AS*/dr is small. In the few cases where BAH‘{Br and 8AG* /or
values are available they are indeed not very different.!>!

(18) Mitller, E.; Burgi, H. B. Helv. Chim. Acta, in press.

(19) For example, the retardation of the rate of aquation of [Cr-
(NH,Me);Cl]** as compared with [Cr(NH,)sCl]2* can be explained? in
terms of the shorter Cr—Cl bond length found for the former, 2.299 (1) vs.
2.327 (1) A for the latter, This interpretation runs counter to previous
arguments that ascribed the difference in rate constant to a difference in
reaction mechanism.
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Abstract: The magnetic susceptibility and the EPR spectra of tetrakis{aqua(3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2 4-tri-
azolato)copper(II)] tetranitrate dodecahydrate (I) were recorded in the temperature range 4.2-300 K. The magnetic data
show that the four copper(Il} ions are antiferromagnetically coupled. The temperature dependence of the magnetic susceptibility
was fit with J’ = 12.2 cm™ (spin Hamiltonian in the form # = J’§|'S,). The room-temperature EPR spectra are satisfactorily
analyzed as due to an S = 2 species, with g; = 2.03, g, = 2.16, and |D| = 0.0379 cm™!, while the spectra obtained at 4.2 K
are typical of a triplet with g, = 2.03, g, = 2.16, and |D| = 0.0906 cm™!. The spin-Hamiltonian parameters are interpreted
within a model which relates them to the corresponding parameters of the individual ions and to the exchange and dipolar

contributions.

The exchange interactions between paramagnetic centers have
been actively investigated in the last few years.? As a conclusion
of this research we can say that much is now understood of the
details of the interaction in pairs, where the role of both the
ground® 11 and the excited!?1> magnetic orbitals has been fully
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clarified, providing a set of rules which extends the original
Goodenough—Kanamori rules'$!” and allowing the rationalization
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Electronic Levels of a Tetranuclear Cu(Il) Complex

Figure 1. Schematic view of the Cu, cluster in tetrakis[aqua(3-(pyri-
din-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazolato)copper(II)] tetranitrate dode-
cahydrate (I).

of the magnetic properties for virtually any magnetic center in
any geometry.

At the other limit, a good understanding has been obtained also
for the magnetic interactions in infinite lattices,!822 either one-,
two-, or three-dimensional, for which both the thermodynamic
and the dynamic properties have been successfully rationalized
and the relations between structural and magnetic dimensionality
have been discussed at length.

When we look at the vast field of clusters which fall in between
these two limits, we find that, although in broad lines the magnetic
properties are understood, much of the detail has not yet been
analyzed. For instance, we can generally explain the magnetic
susceptibility of these systems, but we do not have any detailed
knowledge of the different total spin states which are thermally
populated. There is increasing interest in this area for the rele-
vance that these systems have to many different problems. Indeed
clusters of three and four paramagnetic ions are present in
iron—sulfur proteins,?*? oligonuclear iron complexes are relevant
to both biological iron storage and corrosion problems,? systems
involving paramagnetic metal ions and organic radicals are in-
vestigated?” also to shed light on the mechanism of photosyn-
thesis, high-spin clusters are studied as possible building blocks
of novel magnetic materials,’! and organic polyradicals are syn-
thesized and characterized.®
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Figure 2. Temperature dependence of the magnetic susceptibility of
tetrakis[aqua(3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazolato)copper-
(I1)] tetranitrate dodecahydrate (I), in the form x vs. T.
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In particular, tetranuclear metal compounds have up to now
resisted all attempts to obtain a detailed knowledge of the low-lying
energy levels,”® even though they include systems of great interest,
such as the 4Fe—4S proteins. Also in the relatively simple case
of four copper(11) ions, where four S = !/, states are coupled to
give a quintet, three triplet, and two singlet electronic levels, many
difficulties have been encountered, and still much controversy is
present in the literature concerning the relative order of the various
multiplets, 344

In search for a tetranuclear system that allows EPR study, one
should first of all consider ligands that are so large that interaction
between cluster in the crystal lattice is very small, to avoid extra
complications such as the exchange narrowing. Further, the
magnetic exchange in the cluster should be sufficiently large to
result in clear splittings of the ground-state levels, but not too large
to avoid diamagnetism. It appeared that the tetranuclear com-
pound tetrakis[aqua(3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-tri-
azolato)copper(1I)] tetranitrate dodecahydrate (I), of which the
crystal structure was recently reported,* ideally fulfils these re-
quirements, particularly because the symmetry of the cluster is
S,. A schematic view of the Cu, cluster is given in Figure 1. The
structure of the tetranuclear unit consists of an arrangement of
four copper(II) ions on the vertices of a slightly distorted tetra-
hedron. The coordination geometry around the copper ions is
distorted square pyramidal.

We decided to study the magnetic properties and the EPR
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spectra of I in the range 4.2-300 K in order to fully characterize
the low-lying energy levels and the anisotropic exchange in the
various spin multiplets.

Experimental Section

The magnetic susceptibility data of the cluster were collected on a
vibrating sample magnetometer (PAR Model 150A) in the temperature
range 2-80 K using tetrakis(thiocyanato)mercury cobaltate as a sus-
ceptibility standard. The experimental susceptibility data were corrected
for the underlying diamagnetism (200 X 107 emu per mol of Cu) using
Pascal constants.

EPR spectra of tetrakis[aqua(3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-
triazolato)copper(II)] tetranitrate dodecahydrate (I) were recorded with
a Bruker ER200 and a Varian E9 spectrometer at X and Q band, re-
spectively. Low-temperature spectra were obtained with the use of an
Oxford Instruments ESR9 continuous-flow cryostat. EPR-suitable single
crystals of the title compound were oriented with a Philips PW 1100
diffractometer and were found to have a well-developed (110) face.

Results

The magnetic susceptibility of I increases steadily with de-
creasing temperature until it reaches 2 maximum at 13.5 K, as
shown in Figure 2. Below this temperature the susceptibility
decreases again, in agreement with a diamagnetic ground state,
leading to an overall antiferromagnetic exchange interaction. The
increase of the susceptibility at the lowest temperatures that could
be reached is indicative of a small amount of impurity of a
paramagnetic copper(II) species.

Using the isotropic part of the exchange Hamiltonian, six
thermally populated levels can be obtained from which a theo-
retical expression for the susceptibility per mole of Cu can be
obtained. This expression, where the lowest lying state of the
energy diagram (the S = 0 state) is normalized at zero on the
energy scale, and where x = —=J’/2kT and y = -J/2kT, is the
following:

_Ngd’

Xcu = kT
5 exp(6x) + exp(2x) + 2 exp(4x — 2y)

1 + 5 exp(6x) + 3 exp(2x) + 6 exp(dx —2p) + exp(4x — 4y)

where J refers to the exchange interaction Cul — Cu3 and Cu2
— Cud, and J’ to all the other copper—copper interactions (see
below). The calculated susceptibility xcacq CONSist Of xcyr Xparas
and xrip, Where Xp,r, cOmes from the presence of paramagnetic
impurities and xqp comes from the temperature-independent
paramagnetism, for which a value of 60 X 1076 emu mol™ is taken.
The calculated susceptibility therefore becomes:

Xeated = (1 = P)xcu + Xpara + XTIP

The experimental data were fitted to this equation by means of
a Simplex routine,”® minimizing the sum of (Xexpn — Xeatca)® Ob-
taining g = 2.17,J'= 12.2 ecm™}, J = -0.6 cm™}, and p = 0.002.

The polycrystalline powder EPR spectra of 1 at room tem-
perature are shown in Figure 3 at X- and Q-band frequency,
respectively. Their interpretation is not straightforward, but they
become immediately clear if they are compared with the results
of the single-crystal spectra shown in Figure 4. Because of the
tetragonal symmetry of the crystals and of the S, site symmetry
of the Cu, clusters, only two orientations in the external static
magnetic field are required,*’ namely, parallel and perpendicular
to the ¢ crystal axis. In both cases a quartet is observed, with
no other transition resolved. These spectra are satisfactorily
analyzed as due to an S = 2 species, with gy = 2.03, g, = 2.16,
and |D| = 0.0379 cm™, neglecting fourth-order corrections. The
intensity distribution of the four lines follows the well-known
behavior.’® The angular dependence of the resonance fields is
also in agreement with this assignment.

(48) Olsson, D. M. J. Qual. Technol. 1974, 6, 53.

(49) Bencini, A.; Gatteschi, D. Transition Met. Chem. (N.Y.) 1982, 8, 1.

(50) Weltner, W., Jr. Magnetic Atoms and Molecules; Scientific and
Academic Edition: New York, 1983.

Bencini et al.

1.0 11 1.2 1.3 T 14

it

01 0.2 03 04 T 05

Figure 3. Polycrystalline powder EPR spectra of I at room temperature:
(a) Q-band frequency (35 GHz), (b) X-band frequency (9.60 GHz).
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Figure 4. Single-crystal spectra of I at room temperature at X-band
frequency (9.60 GHz), with the static magnetic field (a) parallel to the
c axis and (b) orthogonal to the ¢ axis.

Although the spectra sharpen up a little on cooling, no sub-
stantial change is observed on cooling down to liquid nitrogen
temperature. On further cooling, the high-temperature spectrum
decreases in intensity and eventually vanishes. The polycrystalline
powder EPR spectrum at X-band frequency at 4.2 K is shown
in Figure 5. It is completely different from the high-temperature
spectra, with features at ca. 150, 220, 260, 340, and 420 mT which
are typical of a triplet. The features at ca. 100 and 300 mT are
not easily understood.

The single-crystal spectra at 4.2 K, shown in Figure 6, confirm
the assignment of the triplet features, with g, = 2.03, g, = 2.16,
and |D| = 0.0906 cm™. The spectra orthogonal to the ¢ axis were
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Figure 5. Polycrystalline powder EPR spectra of I at 4.2 K at X-band
frequency (9.05 GHz).
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Figure 6. Single-crystal spectra of I at 4.2 K at X-band frequency (9.05
GHz), with the static magnetic field (a) parallel to the ¢ axis and (b)
orthogonal to the ¢ axis.

recorded parallel to Y, the perpendicular to the (110) face. In
this orientation both the AM = +1 and AM = %2 transitions show
a hyperfine splitting into seven lines, as would be expected for
two equivalent copper ions. A is found to be 0.045 cm™. Another
important characteristic of the low-temperature spectra is that
satellites are observed around the sharp AM = %1 transitions
parallel to ¢. The two satellites are separated by approximately
22 mT and are markedly anisotropic in line width, as shown in
Figure 6.

The feature at ca. 300 mT is independent of field orientation,
with a shape reminiscent of a polycrystalline powder spectrum.
The feature at ca. 100 mT is much less intense, so that it is difficult
to follow, but it seems to be essentially independent of field
orientation.

Discussion

The spin Hamiltonian appropriate for the exchange interaction
of the four-spin S = 1/, with S, symmetry can be written as:
7{ = J(Sl'S3 + Sz'S4) + J’(Sl'SZ + Sl'S4 + Sz'S3 + S3'S4) +

+ 8::Dy»S; + Si-D13'S; + S;:D 'Sy + Sy Dy3S; + Sy-Dyye
S + S3:DySq (1)

where the numbering scheme is shown below: In the limit of
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Figure 7. Order of the energy levels for I obtained from the analysis of
the temperature dependence of the magnetic susceptibility.

large isotropic interaction (J,J/ > Dy), the total spin S = §; +
S, +S; + S,is a good quantum number and so are the inter-
mediate S* = S, + S; and S* = §, + S,. The energies of the
states, which are labeled using S, S*, and S™, are:

EQ11) =Y+ J 2
E(1,1,1) =Yt - J’ (3)
E(0,1,1) = %J - 2J’ 4)
E(1,1,0) = E(1,0,1) = -Y%J (5)
E(0,0,0) = -%J (6)

Therefore two spin singlets, three triplets, and one quintet are
thermally populated. The relative energies as obtained from the
analysis of the temperature dependence of the magnetic suscep-
tibility are shown in Figure 7. Two of the triplets are degenerate.
For each of the multiplets the g tensors are expressed according
to the relation:

g=Via+,+at+g) (N

while the A tensors of each individual paramagnetic center are
1/, the value the center would possess in a noncoupled system.
In (7) we have not considered possible second-order effects which
might show up in degenerate multiplets.’!

The situation is more complicated for the zero-field splitting
tensors of the S = 2 and S = 1 total spin multiplets, which can
be expressed as linear combinations of the individual D;; tensors.
With an extension of a previously suggested procedure!! it is found
that:

D(S=2,5*=S*=1) =
712(D1z + Dy3 + Dy + Dy; + Dy + Dyy) (8)

D(S=1,S*=S*=1) = Yi(Dy; + Dj4 + Dy; + Dy, - D3 - D)
9)

The two degenerate triplets do have zero-field splittings, yielding
in the most general case three sets of two degenerate levels in zero
field. Also their splitting pattern is complicated, but since, on
the basis of the magnetic susceptibility data, they are expected

(51) Rubins, R. S.; Black, T. D.; Barak, J. J. Chem. Phys. 1986, 85, 3770.



2930 J. Am. Chem. Soc., Vol. 109, No. 10, 1987

to be largely depopulated at the temperature at which triplet
spectra are observed, they will not be further characterized here.

It is useful at this point to make a more extensive use of the
symmetry condition to simplify the above general relations. . Indeed
the following equations must hold for the components of the g
and D tensors:

ixx = 82y = 83xx T 84y
8Blyy = &axx T 83y T 8axx
8122 T 8222 = 8372 T L4z:
8ixy = “82xy T Bixy T “8axy
8lxz = 82p: T T83xz T "84y
8iy: = "8 = “Bapr = iz (10)
and

Dy3yx = Dasyys Diggx = Digyy = Doy = Dy

D13yy = D24xx; D12yy = D14xx = D23xx = D34yy
Di3z; = Diyzsy Draz; = Diyy, = D3y = Dy,

D13xy = _D24xy; Dley = _D14xy = _D23xy = D34xy

Di3x: = Daayyt Digg; = —Diyy, = Diyyy = —Diyy,
D14xz = _D23xz = _D34yz (1 1)

In (10) and (11) the x, y, and z axes correspond to the tetragonal
axes. Using them in (7~9) we find that g, D(2,1,1), and D(l 1,1)
are axial with: 81 = 81z g.L = /Z(glxx + glyy) D(2.1,1) = /2D12zz
+1/4Dy35, D(1,1,1) = 3/3D13,, =3/ 4Dy,

With these tools in hand we can now proceed to the analysis
of the EPR spectra. The g tensors of both the S = 2and § =
1 spectra are identical within experimental error, as expected. In
order to relate them to the individual g tensors it is necessary to
have a closer look at the coordination environment of each copper
ion and at the orientation of the molecular axes. Ed¢h copper
ion is in a five-coordinate environment of four nitrogen and one
oxygen atoms.*! The axial bond Cu—N5 defines the molecular
z axis, which in the laboratory frame has direction cosines 0.6281,
0.7319, and 0.2642. If we assume for the sake of simplicity that
the individual copper gc, tensor is axial, the experimental g, and
g, values are given by:

8 = 0'0698gII,Cu + 0.9302g_]_’cu
g) = 0.4651gcy + 0.5349g, ¢y

Dy3y; = —Dasyyi Digy =

From this we calculate g, ¢, = 2.34 and g, ¢, = 2.01. These values
are in only fair agreement with what can be expected for
square-pyramidal copper complexes;? in particular the g, ¢, value
is too small. This discrepancy might be due to the assumption

of axial symmetry for g¢,, but since symmetry allows us to de-"

termine only two experimental g values we cannot relax it.
The second spin-Hamiltonian parameter we have available is
the hyperfine splitting observed in the triplet spectrum. At first
it can be surprising to note that the hyperfine pattern corresponds
to the interaction of the unpaired electrons with two rather than
with four copper nuclei. However, this is easily understood if we
look at the structure of the cluster. Indeed the orientation of the
static magnetic field in which the maximum hyperfine splitting
is observed corresponds to a direction which is almost parallel to
the z molecular axis of the 1 and 3 copper ions. Therefore, for
these two ions the hyperfine splitting must be roughly /.4, c,.
while for the other two it must be !/,4 ¢,. Therefore, one should
expect one septet of septets; since, however, 4 L,cu is generally
small, only one septet is resolved. The actual value of A4, 0.0045
cm™, corresponds to A, ¢, = 0.0180 cm™, which can be considered
satisfactory for a square-pyramidal copper complex. No hyperfine
is resolved parallel to ¢ in agreement with the fact that the mo-

(52) Hathaway, B. J.; Billing, D. E. Coord. Chem. Rev. 1970, 4, 143,
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lecular z axes are almost orthogonal to it.

It should be noted here that in the above discussion we have
assumed that the triplet spectra belong to the Cu, cluster. They
might also be due to a dinuclear impurity, but the above satis-
factory explanation, together with the A value, which would be
too small for an isolated pair of copper ions, confirms our as-
sumption. The first excited triplet is 12.2 cm™ above the ground
singlet, while the two degenerate triplets are at 25.0 cm™. Since
the triplet spectra are observed only below 10 K, we presume that
they are associated with the (S = 1,5* = S* = 1) state because
in this range of temperatures the two degenerate triplets should
be largely depopulated.

We are now in the position to analyze the zero-field splitting
tensors of both the quintet and triplet states. It would be important
to have the signs of D available, but unfortunately this is not the
case, so that we must only assume them. We have on the whole
four different possibilities to assign the sign of D for the S = 2
and S = 1 states. Using the relations given above we find two
sets of Dy,,, and D3, values, the values in each set differing for
the signs. They are Dy,,, = +0.0077 cm™, Dy;,, = +0.1363 cm™!
and Dy,,, = +0.0681 cm™, Dy;,, = +0.0153 cm™!, respectively.
There is no a priori reason why one set should be preferred to the
other, but we are inclined to prefer the second one, which gives
a smaller |Dy3,,| value. In fact, the copper ions 1 and 3 are not
bridged directly like, for instance, Cul and Cu2, and also the
Cul-Cu3 distance is longer than that for Cul-Cu2. Indeed the
value of |Dy,,,| = 0.0681 cm™! compares well with those observed
for dinuclear copper complexes bridged in a similar fashion by
triazolato ligands,” where the principal values of the Dy, tensor
were found to be 0.0052, 0.0676, and 0.0728 cm™!, respectively.
The Cu—Cu distance in that case was only slightly shorter,** 408.5
vs. 426.9 pm observed in the present case.’

A useful check for these values can come also from the com-
putation of the dipolar component of the Dj; tensors. In order
to perform this within the point dipolar approximation, a precise
knowledge of the individual g tensors should be available. Since,
for the reasons outlined above, this is not the case, we performed
sample calculations using isotropic g values and a procedure which
has been justified in the analysis of the dipolar broadening
mechanism in one-dimensional antiferromagnets.>® Within this
model we calculate Dy,,, = ~0.0108 cm™ and D3, = 0.0243 cm™,
From this we see that the latter is reasonably close to the value
obtained from the analysis of the EPR spectra, while the former
is completely at large, showing that exchange-determined com-
ponents are of paramount importance in determmmg the Dy
tensors, as previously observed for similar bridges.*

We have assigned the transitions belonging to the S = 2 and
S = 1 states originating from the interaction of S* = 1 and S*
= 1. The other paramagnetic state which is left is that of the two
degenerate S = 1 multiplets, and we have two features observed
in the low-temperature spectra, one at ca. 100 and the other at
ca. 300 mT. The magnetic data suggest that at low temperature
they should be practically depopulated, the calculated intensity
ratio for the lowest triplet and the degenerate triplets at 4.2 K
being 0.012. A possibility could be that of assigning the feature
at g = 2.06 which we observe in the spectra to a AM = %1
transition of these degenerate triplets. However, against this
assignment is the fact that the resonance field is independent of
the orientation, while the expected g values should be identical
with those of the other multiplets and anisotropic. Also the shape
of the transition is anomalous, so it can be suspected that it can
be due to some decomposition products of the crystal in the thermal
treatment required to cool down the sample.

A safe explanation can neither be given for the line at ca. 100
mT. Its position at g = 6 might suggest a AM = £3 transition,
but this could occur only for the S = 2 multiplet, and at low
temperature it is depopulated.

(53) Bencini, A.; Gatteschi, D.; Zanchini, C.; Haasnoot, J. G.; Prins, R,;
Reedijk, J. Inorg. Chem. 1985, 24, 2812,

(54) Prins, R.; Birker, P, J. M, W. L,; Haasnoot, J. G.; Verschoor, G. C.;
Reedijk, J. Inorg Chem. 1985, 24, 4128

(55) McGregor, K. T.; Soos, Z. G. J. Chem. Phys. 1976, 64, 2508.
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As an alternative one could suspect the presence of some im-
purity in which, for instance, a copper(II) ion is missing in the
cluster, or to interdctions between neighboring clusters in the triplet
state, yielding S = | states. The second alternative might be
confirmed by the presence of satellites flanking the AM = %1
transition at low temperature. Indeed similar absorptions were
assigned to transitions beétween states generated by the interaction
between neighboring molecules in the triplet state in the spectra
of a copper(I) maleonitrile dithiolate analyzed by Keijzers et al.®
The possibility of such interactions is supported by the extensive
network of hydrogen bonds connecting different clusters. Since
they appear clearly only in few crystal orientations we did not
attempt further to characterize them.

In conclusion in the present work we have observed the EPR
spectra of both a quintet and a triplet originated by the exchange
interaction of four equivalent copper ions arranged on the vertices
of a distorted tetrahedron of S, symmetry. We do not see any
evidence of the spectra of the other two (degenerate) triplet states.
The reason for this lies presumably in unfavorable relaxation time.
In fact, the spectra of the lowest triplet shows up only below 10

(56) (a) Snaathorst, D.; Doesburg, H. M.; Parenboom, J. A. A. J.; Kei-
jzers, C. P. Inorg. Chem. 1981, 20, 2526. (b) Snaathorst, D.; Keyzers, C. P.
Mol. Phys. 1984, 51, 509.

K, broadening beyond detection at higher temperature. If the
degenerate triplets have the same behavior, then their spectra are
not observed because at high temperature, when they are popu-
lated, the relaxation is too fast, while at low temperature they are
practically depopulated. The data in any case show that the
relaxation in the triplets is much more effective than in the quintet
state, which yields a measurable spectrum also at room temper-
ature. Since the triplet spectra of isolated pairs of copper ions
are generally well resolved also at high temperature, we suspect
that the fast relaxation observed in this case is related to the
presence of three states with the same spin multiplicity separated
by ca. 20 em™!. It is worth noting that anomalous line-width
behavior has been observed also for trinuclear copper complex-
es>’" in which two doublet states are formed by the exchange
interaction.
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Abstract: Surface geometry effects on photoprocesses of adsorbates are discussed, with special emphasis on problems which
originate from surface irregularities of silica. It is shown that the common practice of idealizing irregular surfaces as flat
ones leads to inaccuracies in the evaluations of a variety of adsorption parameters, such as effective surface area, the area
occupied by one molecule, intermolecular distances, etc. Data from a number of recent reports in surface photochemistry
is reanalyzed to demonstrate the possible errors and to show that the interpretation of results may be altered if the calculations
are carried out without the flat surface assumption. These literature examples are the photodimerization of cyanophenanthrene,
the chemiluminescent oxidation of fatty acids, the benzophenone triplet quenching, and the excimerization process in pyre-
nyl-derivatized silica. Calculation procedures for the above mentioned parameters on irregular surfaces are suggested based
both on classical surface-science considerations and on recent fractal considerations. Computational simulations demonstrate
the effect of surface irregularities on these parameters. The replacement of the flat picture with the real irregular one reveals
a number of new interesting concepts: the effective surface area for reaction (the reaction area) is smaller than the effective
surface area available to the reactants; the effective surface area toward an excited state adsorbed molecule is different than
the ground-state case; the distance between a large and small molecule depends on which molecule diffuses toward the other;
in bimolecular reactions, not all of the smaller molecules are available at any time to the larger ones. Surface heterogeneity

and environmental relaxation around an excited state are discussed in terms of geometry.

1. Introduction

Photochemistry has reached a mature stage in which studies
in homogeneous solutions gradually yield to studies under the more
realistic conditions of heterogeneous environments. These het-
erogeneous environments can be fluid and flexible (water surfaces,
micelles) or solid (surfaces). In this report I concentrate on the
latter.

In trying to extrapolate the knowledge which has been accu-
mulated in homogeneous photochemistry to the heterogeneous
systems, one has to take into account two parameters: the phy-
sico—chemical properties of the environment and the geometrical
details of the environment. These geometrical details should be
taken into account both on small molecular scales of, e.g., cage

size and on larger diffusional scales (geometrical details on these
two scales need not coincide). Extrapolation of the first parameter
from homogeneous to heterogeneous environment has been
straightforward: for instance, much of what is known about the
hydrogen bond in solution can be applied directly to solid materials
which have surface moieties capable of forming this bond.! It
is the second parameter, the geometry, which is new and which
cannot be extrapolated from solution studies. Whereas in solution,
the environment is spherical-symmetric, reversible, and flexible,
various geometries are possible around an adsorbed molecule, and

(1) Schustér, P.; Zundel, G.; Sandorfy, C. The Hydrogen Bond; North
Holland: Amsterdam, 1976; Vol. 3.
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