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Neutron diffraction shows a photoinduced isonitrosyl linkage isomer in the metastable state SI
of Na,[Fe(CN);NO]-2D,0
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We report neutron diffraction experiments on the light-induced metastable state SI in single crystals of
Na,[Fe(CN)sNO]-2D,0. It is shown that the metastable state ST corresponds to a linkage isomer of the NO
group, the so-called isonitrosyl configuration where the NO ligand is oxygen bound to the central iron atom.
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I. INTRODUCTION

The nature of the light-induced metastable states in
Na,[Fe(CN)sNOJ-2H,0 (SNP) and related nitrosyl com-
pounds has been a matter of discussion since their discovery
in 1977." Due to their almost infinitely long lifetime at suf-
ficiently low temperature it is possible to investigate the
light-induced structural changes in this compound by neutron
or x-ray diffraction. While the structure of the ground state
(GS) has been known for a long time> the first structural
investigations of the light-induced species, a field in the
meantime called photocrystallography,®’ were performed by
Riidlinger et al.%? using neutron diffraction. These authors
found small increases in the Fe-N and N-O bond lengths in
the metastable states ST and SII with respect to the ground
state. Later Pressprich and co-workers'® performed x-ray dif-
fraction experiments on SI, finding as well an elongation of
the Fe-N bond. The following neutron diffraction study of
SII by Schefer et al.'' again resulted in rather small changes
of bond lengths and angles. The findings of all these studies,
however, could not satisfactorily explain the long lifetimes of
the metastable states, as already pointed out by Giidel.'> A
major step toward the understanding of the long lifetime of
the metastable states was taken in 1997, when Carducci
et al.'® performed x-ray diffraction experiments on both
metastable states. The astonishing result was that the meta-
stable state STI could be interpreted as a side-on (7?) con-
figuration of the NO ligand, while in the metastable state ST
the NO ligand even inverted by 180° to an O-bound configu-
ration Fe-ON (isonitrosyl). These large geometrical changes
in the Fe-NO bond were supported by calculations based on
density functional theory (DFT) by Delley et al.,'* which
found energetic minima for the two configurations, yielding
the Fe-N-O angle as the reaction coordinate. However, sub-
sequent reinvestigation of the neutron diffraction results
could not confirm this interpretation' and also a more recent
neutron diffraction study could not be interpreted as a link-
age isomer for the metastable state SL.'® On the other hand,
we recently performed a successful neutron diffraction study
on the metastable state SII,'” where we could unambiguously
determine the linkage isomer in the side-on configuration in
agreement with the earlier x-ray results.'3 In order to finally
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answer the question about the nature of the metastable states
in SNP, we reinvestigated the structure of SI, using the pho-
tocrystallographic setup which is described in detail in Refs.
7 and 16. With this setup the number of molecules in the
metastable state (population) can be determined optically, in-
dependent of the structural refinement. The analysis of the
neutron diffraction data from a crystal with 40% population
of SI clearly shows that SI is indeed formed by the isoni-
trosyl configuration.

II. EXPERIMENTAL DETAILS

The neutron diffraction experiments were performed on
the single-crystal diffractometer'® TriCS at the Swiss Spalla-
tion Source!® SINQ at PSI/Villigen using a single detector
and a high-quality fully deuterated (99% D) single crystal of
Na,[Fe(CN)sNO]-2D,0. The crystal was cut perpendicular
to the a axis to a plate of thickness d=0.0476 cm and 0.9 cm
diameter. The temperature was kept constant at 50(2) K dur-
ing data collection. Illumination of the crystal was performed
using a xenon lamp filtered to the spectral range
430-470 nm using water, dichroic, and interference filters.
After filtering, the blue light was polarized to ensure illumi-
nation with light polarization along the ¢ axis of the crystal.
The total exposure was about 5000 J/cm? using an average
power of 20 mW/cm?.

It is known from wavelength-dependent differential scan-
ning calorimetry (DSC) measurements,”’ that illumination in
the spectral range of 430 to 470 nm with polarization along
the ¢ axis of the crystal yields a ST population of about
45-50% and a STI population of about 3—5%. As the absorp-
tion changes concomitant with the generation of the meta-
stable states are known from low-temperature absorption
spectroscopy,?! the change of the transmitted light intensity
during illumination can be used to determine the population
numbers of the states SI and SII. The used photocrystallo-
graphic setup allows for the in situ measurement of the trans-
mitted light intensity with a Si photodiode.”!'® In order to
have a well-defined signal, the transmitted light was nar-
rowed by an interference filter at 458 nm (full width at half
maximum of 2 nm). The detected time-dependent photovolt-
age U(t) can be described by
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U(t) = al e~ (1)

where « denotes the absorption coefficient, d the crystal
thickness, and /; the constant incident light intensity. a is a
proportionality constant, describing the detection efficiency.
During illumination the absorption changes as a function of
exposure Q=Iyt due to the change in population of the three
involved states GS, SI, and SII. Hence the total absorption
coefficient is given as the sum of the single contributions

al(t) = agsPes(t) + agPs(t) + agPsy(t), (2)
where Pgg g1 i1 denote the populations of the different states.
It is known from the low-temperature steady-state absorption
measurements”! that ag=0 at 458 nm (wavelength of ex-
periment), so that Eq. (2) reduces to

a(t) = agsPgs(t) + agnP(1). (3)
Since Pgg+ Pg+ Pgp=1 we obtain
a(t) = ags — agsPg(t) + (ag — ags) Pey(t). (4)

At the beginning of illumination all molecules are in the
ground state and hence U,=U(0)=alye *V¢=al e csd,
Then we can write the time-dependent voltage as

U(t) = er“GSPSI(l)de(“Gs—“sn)Psn(l)d_ (3)

Equation (5) can be written in the form

U(r)
In TN agsPa(t)d + (ags — ag) Psp(t)d. 6)
0
As a function of exposure Q the population of ST and SII is
given by

PSI,SII(Q) = P?Ilfsn|:l - eXp( g )] (7)
Osi.sn
with the characteristic exposures Qg and Qgy. Fitting the
function
In ? = Agi(1 - e7%s1) + Agy(1 — e¢/Csm) (®)
0

to the observed data shown in Fig. 1 yields the parameters
Ag=2.017(3), Agq=-0.133(2), Qu=1765(9) J/cm?, and
Qe=21(1) J/em?. Using Ag=agsdPy and Ag=(ags
— ag)dP3y; we obtain the saturation populations P3' and Py
for 0 — o, since we know the thickness d and the absorption
coefficients agg and ag;. With d=0.0476 cm and agg
=103 cm™' at 458 nm we obtain P§'=41% and at Q
=5000 J/cm? a population of SI of Py=40% is achieved.
Using ag;=158 cm™' at 458 nm,>' a population of Pg
=5% for SII is obtained, which is in reasonable agreement
with the values known from the DSC study.”’ We note that
by ignoring the small decrease due to SII at the beginning
and just fitting an exponential law to the population of ST the
same results for the population of ST are obtained, indicating
that in a good approximation we could even neglect the in-

fluence of SII for the population determination of ST.
After collection of the first data set with 40% population
of ST (and about 5% of SII) the crystal was heated to 178 K
for a few minutes. By this procedure the SII population de-
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FIG. 1. (Color online) Photovoltage U of the transmitted light at
458 nm as a function of exposure Q. The transmitted light intensity
increases as the population of GS decreases and the population of SI
increases. The initial decrease (Q <100 J/cm?) is due to the popu-
lation of the state SII.

cays completely into the ground state as does also part of the
ST population. Then we collected a second data set at 50 K
for this crystal with now 10(2)% population of ST in order to
compare the reliability of the refinements with high and low
populations. The population for this data set was determined
by detecting the change in transmission (488 nm laser light
of an argon ion laser) upon heating the sample to room tem-
perature at the end of the measurement. Thereby the photo-
voltage decreased from 1.0 to 0.6 mV yielding the popula-
tion of ST of 10(2)%. The data collection and refinement
parameters for the two data sets are given in Table L.

II1. RESULTS

As in the previous study of the state SII in SNP,!7 in the
first refinement step the 14 atoms were refined in their
ground-state positions, all with isotropic displacement pa-
rameters and ground-state occupation numbers, i.e., espe-
cially 0o(N4)=0(01)=1.0. After convergence of the refine-
ment, a difference Fourier map was calculated. The plane z
=0.5 is of special interest as it contains the NO ligand and
hence exhibits the most significant changes upon a geometri-
cal change of the NO ligand. Figure 2(a) shows the resultant
difference map at z=0.5 for the data set with Pg;=40% (the
population is known from the transmission measurement).
Although some residual features are noted in the vicinity of
the NO ligand, the feature is not as clear as in the case of
SIL.'7 In order to estimate the changes, which should be ob-
servable due to the inverted NO configuration, we performed
simulations using the program package JANA2000.2> The
simulation was performed as follows. A virtual crystal com-
posed of 4% of the NO ligands in the SII position, 40% in
the ST position, and 56% in the GS position was assumed.
The fractional coordinates for GS, SI, and SII were taken
from Ref. 13. The populations were chosen to meet the ac-
tual experimental conditions (see Sec. II). We calculated the
structure factors for the set of reflections that were observed
in the experiment. The structure simulation allows also for
inclusion of noise by adding random numbers to the indi-
vidual calculated structure factors. These generated structure
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TABLE 1. Experimental data collection and refinement parameters for SNP for the two data sets with 40%
and 10% population of SI. The populations were determined optically.

GS+S1(40%) GS+S1(10%)
Space group Pnnm Pnnm
Z 4 4
Wavelength A(A) 1.1757(13) 1.1757(13)
T(K) 50 50
a(A) 6.1581(7) 6.1642(4)
b(A) 11.9013(14) 11.8869(1)
c(A) 15.6328(18) 15.5749(1)
V(A?) 1145.7(2) 1141.2(4)
d(g/cm?) 1.727(4) 1.734(6)
[5in(6) /N pax (A7 0.544 0.627
Absorption coefficient (mm™!) 0.0034 0.0034
T,nin (Minimum transmission) 09714 0.9737
T nax(maximum transmission) 0.9964 0.9967
Crystal size (mm?) TX4.52X0.476 TX4.52X0.476%
Rinax 5 5
Kmax 12 16
Linax 16 20
Measured reflections 937 774
Unique reflections 774 587
Refined reflections 774 587
Observed reflections (I>30) 704 525
Ziso(107HP 0.004 0.009
Refined population of ST, Pg(%) 40(5) 5(6)
No of variables 53 53
R, (F|) 0.074 0.066
R(|F|) 0.080 0.0882
Goodness of fit § 8.00 7.07

4Circular sample of diameter 9 mm.

Psotropic extinction correction of type I (Lorentzian distribution) is used (Ref. 23).

factors were then used as input for the refinement. The re-
finement was performed in the same manner as for the ex-
perimental data and the correspondingly obtained difference
Fourier map is shown in Fig. 2(b). One notes the similarities
with the experimental data in the region of the N and O
atoms, providing a first hint to the proposed inverted geom-
etry of the nitrosyl ligand.

In the second refinement step the occupation numbers for
the N4 and Ol atom were released, i.e., they became fit
parameters. The obtained occupation numbers for these po-
sitions can then be regarded as composed of two parts: the
GS NO and the S1 ON configurations, i.e., at both positions
we have a sum of the two scattering lengths for oxygen
(5.803 fm) and nitrogen (9.36 fm), according to their real
occupation or population. We then would expect a decrease
of the occupation at the N4 position and an increase at the
Ol position. Indeed the refinement of the experimental data
set yielded 0(N4)=0.824(18) and o0(O1)=1.20(4). The
weighted R value R,, and the goodness of fit (GOF) im-

proved from R,,=0.077 to 0.074 and from GOF of 8.30 to
8.00 during this refinement step. The same refinement was
performed using the simulated data set, yielding o(N4)
=0.840(14) and 0(0O1)=1.20(2), in perfect agreement with
the experimental results. Hence the isonitrosyl model seems
to be correct. Additionally we noted that the isotropic dis-
placement parameters U, at the N4 and Ol positions
changed considerably during this second refinement step.
U, [N4] decreases from 21(1)x 1073 A2 to 8(3) X 1073 A?
while U, [O1] increases from 3(2)X 1073 A2 to 16(3)
X 1073 A% (see Table II for final refinement parameters).
Since the scattering length of the nitrogen (by=9.36 fm) is
larger than that of the oxygen (bo=5.803 fm), the scattering
power at the N4 position is overestimated if we assume a
100 % nitrogen occupation of this position (step 1 of refine-
ment). The increase in the displacement parameter corrects
for this overestimation, as it effectively reduces the scatter-
ing power at this position. The situation is reversed for the
Ol position where the scattering power is underestimated.
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FIG. 2. (Color online) Difference Fourier maps after refinement
step 1, i.e., 14 atoms in the ground-state nitrosyl configuration with
occupation of N4 and Ol positions fixed to 1. Top, experimental
data set; bottom, simulated data set with expected noise added.
Contours are 0.2 b A3,

Using the isonitrosyl geometry (40%), the scattering powers
are correctly estimated and hence yield the expected larger
displacement parameter for the outer position Ol. This ob-
servation is in perfect agreement with the earlier x-ray
results'3 and supports the interpretation of SI as an isoni-
trosyl geometry.

A further stringent test for the validity of the inverted
nitrosyl geometry can be made by comparing the refined
populations (occupations) with the population determined
from the transmission measurement (Pg=40% ). This can be
done by considering a simple formula to calculate the popu-
lation of ST from the refined occupation value at the N4
position (or alternatively at the Ol position). The scattering
length at the N4 position is given by the nitrogen atom by
=9.36 fm, as we assume a sole occupation 0(N4) by this
atom. In reality we have a mixed occupation with the number
ny of nitrogen atoms having the scattering length by
=9.36 fm and with the number nqy of oxygen atoms having
the scattering length bo=5.803 fm. Neglecting the state SII
we can therefore write the following equation for the scatter-
ing power at the N4 position:

0(N4)bN = anN + i’lobo. (9)

Since the population of the GS corresponds to the occupation
of the N4 position with nitrogen, i.e., ny, we obtain the popu-
lation of GS or ST by (using ng=1-ny)
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TABLE II. Structural parameters of the mixed state GS+SI in
SNP for the data set with 40% population of SI after final refine-
ment. The isotropic displacement parameters Uy, are given in
1073 A2,

Atom  Occupation X y z Uiso
Nal 1 0.5 0 0.2455(9) 12(3)
Na2 1 0 0 0.3781(9) 10(3)
Fe 1 0.4972(10) 0.2787(4) 0.5 5(1)
Cl 1 0.2483(14) 0.1826(6) 0.5 10(2)
N1 1 0.0979(10)  0.1233(5) 0.5 11(1)
C2 1 0.6067(9) 0.1789(4) 0.5880(3) 6(1)
N2 1 0.6672(6)  0.1194(3) 0.6420(3) 11(1)
C3 1 0.3448(9) 0.3613(4) 0.5893(3) 7(1)
N3 1 0.2498(7)  0.4054(3) 0.6443(2) 12(1)
N4 0.824(18)  0.7271(12) 0.3568(5) 0.5 3(3)
O1 1.20(4) 0.8863(15)  0.4065(7) 0.5 16(3)
D1 0.80(3) 0.1872(15) 0.1971(8) 0.7151(6) 29(3)
D2 0.81(3) 0.0642(15) 0.1241(7) 0.7767(5) 27(3)
02 1 0.1723(11)  0.1206(5) 0.7311(4) 10(2)
o(N4)bx — b
PGsanz—b ~b =1-Pg. (10)
N~ Yo

Inserting the refinement results we obtain Pg=46(4)% using
0(N4)=0.824(18). The same arguments can be applied to the
occupation 0(O1) of the O1 position with nitrogen and oxy-
gen. Here Pg;=33(6)% is obtained from 0(O1)=1.20(4). The
average value is 40(5)% in agreement with the result from
the transmission measurement.

The second data set with 10% population of ST (see Table
I) was evaluated in the same manner. The difference Fourier
map after the first refinement step showed no unique fea-
tures, but rather an overall noisy behavior. The subsequent
refinement of the occupation numbers yielded o(N4)
=1.00(2) and 0(O1)=1.06(4) and therefore populations of
0(5)% and 10(7)%, respectively. The average of 5(6)% is
well below the result from the transmission measurement (10
%) and shows that the error for this low population is too
large using this simple approach. Also here the R values did
not improve during the second refinement step.

IV. DISCUSSION

The refinement of the first data set with 40% population
of ST clearly shows, that NO is in the isonitrosyl configura-
tion in SI. The high population allows us to use a rather
simple method for the refinement and thereby to extract the
main feature of the structure, without refinement of the
atomic positions of the inverted NO in SI by introduction of
a second molecule as in the x-ray study of Carducci and
co-workers.!> However, it is exactly this simple approach
which makes the evidence for the isonitrosyl so stringent and
also important. Up to now all the studies concerned with this
question suffered from the fact that the quality of the refine-
ment did not really improve upon introduction of an inverted
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NO compared to one in the GS configuration with slightly
elongated bonds (compare discussions in Refs. 13 and 16).
The arguments for or against the isonitrosyl configuration
were found in the displacement parameters. While being
very plausible due to the fact that SII is a side-on bound NO
and being supported by the DFT results, this situation was
not satisfying, as direct methods should yield more direct
evidence. It is therefore a relief that finally x-ray and neutron
diffraction results agree on this fundamental question, espe-
cially as neutron diffraction is supposed to be superior in
determining structural changes involving N and O, because
of their significantly different scattering lengths. On the other
hand, neutron data sets are generally much smaller than cor-
responding x-ray collections due to the much longer count-
ing times and lack of beamtime. From our comparably small
data set we can therefore not compete with the published
structural parameters obtained from the x-ray study. Never-
theless, the presented neutron diffraction evidence for the
isonitrosyl configuration of ST is convincing because it does
not rely on the interpretation of displacement parameters or
other indirect arguments. Furthermore, the in situ determina-
tion of the population via a transmission measurement en-
sures that we had a population of 40%. Concerning earlier
failures of neutron diffraction in determining the isonitrosyl
structure,'® the second experiment reported here hints to
some pitfalls, as obviously low populations of a structurally
nearly degenerate NO (ON) moiety are hard to detect. A
population of 40% was never achieved in the earlier experi-
ments.

V. CONCLUSIONS

Neutron diffraction experiments on the light-induced
metastable state ST in SNP show that it corresponds to the
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linkage isomer of the NO ligand in the isonitrosyl configu-
ration as proposed from x-ray measurements'> and DFT
calculations.'* This result resolves a long controversy con-
cerning the nature of the metastable states, as now the direct
methods of structure determination agree with the DFT re-
sults. As DFT is able to predict the existence and the main
properties of such metastable linkage isomers it offers the
possibility to screen potential candidate systems before really
synthesizing them, a valuable help in the search for opti-
mized properties for applications.

Furthermore, we realize that for photocrystallographic ex-
periments it is advantageous to have independent means to
determine the amount of generated metastable isomers, as
otherwise the interpretation of the results might not be un-
ambiguous, especially in the case of low populations or as in
the present case where the N and O atoms simply inter-
change positions. However, our results also clearly show that
the determination of the isonitrosyl configuration from x-ray
diffraction,'® which was mainly based on a detailed analysis
of the involved displacement parameters, is correct. Thus the
careful analysis of the displacement parameters of the in-
volved photoexcited atoms allows for the identification of
such linkage isomers.®
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