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Light-induced structural changes by excitation of metastable states
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The structures of the ground state and the light-induced metastable state S| BE(&@N);NO]2H,0 were
investigated by single-crystal neutron diffraction. We propose that a small but significant change in the Fe-N
bond length £0.05A) and in the C-Fe-N angle~(3.5°) are the only rearrangements in the structure con-
nected with the excitation of the metastable state Sl. This result is consistently found for two data sets with
different populations (22% and 44%) of the metastable state SI.
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. INTRODUCTION trons from the GS into the antibonding* (NO) orbital.
These excited electrons relax into the minimum of the
Any material possessing long-living metastable statesi* (NO) potential. At the crossing point of the potentials of
which can be reversibly transformed into each other by lightGS and Sl the relaxation back into GS or into Sl occurs
can be used as an information storage device or as fast optiegether with the thermalization process, since no lumines-
cal switches. The photorefractive effect in such materials isence is observed in the spectral range of 300 to 3000 nm.
based on a local molecular effect, and therefore the informaFhe high potential barriers of 0.7 e\8l) and of 0.5 e\(SlI)
tion is localized in the dimensions of molecules so that thecause the stability of SI/SII at sufficiently low temperatures.
storage capacity is extremely higf. The irradiation of Sl in the range of 600—1200 nm leads
Such light-induced metastable states can be excited iAgain to the excitation of the™ (NO) orbital, from which a
complexes containing the nitrosyl-ligand NO such asrelaxation into GS or in_to Sl occurs. The four-leve_l system
[ML,(NO)]", M being a transition metal, e.g., Fe, Ni, Ru, GS, w*(NO), Sl, SlI (Fig. 1) describes the population, de-
Os, and Mo, andh being the formal charge of the complex. populatlon,3 and transfer between GS, SI, and SlI
The ligands L vary from atomgF, Cl, Br, J, eto.to complex completely*®> The new states S, SlI are lying energetically
ligands(CN, NH;, NO,, etc).®>~" Compounds containing N about 1 eV above the ground stfe.

. ; . The structure of the ground state of SNP is well known
instead of NO as the active ligand were found recéhtly, . L 2

: since its first determination by Manoharan and Hamilfon
showing that these metastable states are based on a com

ohysical effect the subsequent redetermination by Bottomley and

o _ White® The first attempt to determine the structure of the
Nao[ Fe(CNENOJ2H,O  (SNP,  disodiumpentacyanoni- etastable state SI was done with neutron diffractfon,

trosylferrate is the most investigated system in this class Ofwhereby an elongation of the Fe{N.019(2) A and N-O
compounds:*°In SNP two extremely long-living metastable

states Sl and SlI can be excited below temperatures of aboutV 4 \ )
198 K and 147 K, respectively. These states are separated Ny ! HE 34
from the ground stat¢GS) by potential barriers of 0.7 eV N i
(SI) and 0.5 eV(Sll), as determined from differential scan-
ning calorimetry measuremenriftsThey can be excited by
irradiation with light in the spectral range of 350 to 580 nm.
A maximum of about 50% of th¢Fe(CNxNO]?>~ mol-
ecules can be transferred into Sl using light of wavelengths
440-470 nm polarized perpendicular to the quasifourfold
N-C-Fe-N-O axis of the molecule. Relaxation into the
ground state takes place either by illumination with light in
the spectral range of 600—1200 nm or by increasing the tem-
perature to overcome the potential barriers. lllumination with
light in the region of 900—-1200 nm below 147 K transfers  FIG. 1. Schematic drawing of the potentilfor the four-level
about 30—35 % of the molecules from Sl into Sl and the reskystem GSz*(NO), SI, SIl in SNP as a function of the reaction
into the ground stat& Irradiation with light excites the elec- coordinateQ (rl: radiationless transition; th: thermal excitatjon

-
>
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FIG. 3. Schematic drawing of the cooling device equipped with
an optical window and fiber optics in order to illuminate the sample
and to measure the transmitted light intensity.ahd T, are tem-
perature sensors.

In order to clarify the structure of the metastable state Sl,
we performed neutron diffraction experiments on single
crystals of deuterated SNP. The population of SI was inde-
pendently determined by a transmission measurement. As
shown in a previous pap@rthe change in transmitted light
intensity can be used to determine the population of Sl in
SNP accurately. Thereby neither assumptions about the cor-
relation between the change in the lattice parameters and the
population of SI nor extrapolations from other experimental
techniques via the illumination time have to be made.

Il. EXPERIMENT

The neutron-diffraction experiments were performed on
the single-crystal diffractometer TriCRef. 21 at the Swiss
Spallation Source SINQRef. 22 at PSI/Villigen using a
single detector. The SNP samples were mounted on a sample
holder as indicated in Fig. 3 in a closed cycle refrigerator.
The refrigerator is equipped with an optical windoguart2
to allow for the illumination of the sample with polarized
light down to temperatures of 10 K. In order to guarantee

FIG. 2. GS and isonitrosyl(Sl) configuration of the therm_al stability at low temperature additional heat shields
[Fe(CN)NOJ?~ molecule in SNP, as proposed by Cardueicall’ (aluminum were mounted. The temperature was measured
View along thec axis (10° inclinel with two sensors. The temperature senspwgs placed di-

rectly behind the sample position, as indicated in Fig. 3. The
[0.004(4) A bond lengths compared to the ground state wasecond sensor,was placed on the cold finger and was used
found. Subsequent x-ray studies confirmed this ré€dft. to control the temperaturésee Fig. 3. A deuterated single
From their x-ray study Presspriat al® concluded that the crystal of SNP(diameter 9 mm, thickness=0.9 mm) was
Fe-N bond is elongated by 0.049(8) A from 1.668(1) A in used. First the mixed state @S| was excited by illuminat-
the ground state to 1.748) A in SI, and that thecis angles  ing the crystal with laser light of wavelength 476.5 nm and
N-Fe-C are decreased from 95(8)° to 94.75(19)°. Car- polarization along the axis of the crystal. The average in-
ducci et all” confirmed these resultdengthening of the tensity was 100 mW/cfso that after 100 h of illumination
Fe-N distance by 0.0%8)A andincrease of C2-Fe-C3 angle time a total exposur® ~36 000 Ws/criwas achieved. Af-
by 1.1°]. However, the authors of the latter article suggester the measurement of a full dataset at 43skinsor T) of
another structural configuration for Sl: an isonitrosyl con-the excited stat€1134 reflectionsthe crystal was heated to
figuration Fe-O-N(see Fig. 2 yields the same agreement 200 K in order to depopulate SI. Afterwards the same dataset
factors in the refinement as for the nitrosyl configurationwas measured in the GS at 43(Eensor T). The tempera-
Fe-N-O. Calculations using density-functional thédry ture at the sensor,Twas stabilized at 30 K.
(DFT) showed that the isonitrosyl configuration provides in- The populationPg, of the metastable state S| during the
deed a local minimum in energy. Nevertheless, in a reexamineutron-scattering experiment can be determined by measur-
nation of the neutron resultthe isonitrosyl configuration ing the transmitted light intensity behind the SNP crystal.
for Sl failed to explain the experimental data. In all the Therefore a fiber optic was introduced in the refrigerator
above-mentioned experiments the determination of the popwguiding the light to a photodiode, which is stable at room
lation of SI, i.e., the number dFe(CN)sNO]?>~ molecules temperature. The voltage over the diode is proportional to the
which are excited into the metastable state, is somewhdtansmitted light intensity. An amplifier with selectable load
cumbersome. resistors guarantees a linear behavior in intensity over many

104108-2



LIGHT-INDUCED STRUCTURAL CHANGES BY ... PHYSICAL REVIEW B568, 104108 (2003

_l L | L | TTTT | TTTT | TTTUT EI TTT | TTT I_ J TTTTTTTTT I TTTTTTTTT | TTTTTTTTT TTTTTTTTT | TTT
L SNP crystal, d = 0.9 mm i structure factor F; of %
20~ C reflection (hk,1)=(1,0,7) .
: : = ]
15 — — C ]
@ . e data ] g ; ;
5 — fit Pg=P+Aexp(-Q/Qp) i 5 F ]
= lop 7 £ 18 3
r P; =22.0(7) % ] A ]
L A =22D% ] s F ]
sk Q, = 8.6(12)-10° Ws/em® h = L ]
C ] 17 :_ O measurement as a function _:
0 1111 | | | | | | | 1111 I | | I | | I | : Of pOPUIation Of SI (TOPSI) :
0 5 10 15 20 25 30x10° u — fit (TOPSI-data) 1
» o m structural investigation on TriCS 7]
Q (Wsjem®) 5 A structural investigation on D9 7
FIG. 4. Population as a function of expos@ipeof a SNP crystal 16 NI ENER SRR RN FR R RE RN SR N SRR REEE
(d=0.9 mm). The polarization of the light was along thaxis of 0 10 20 30 40
the crystal and therefore perpendicular to the N-C-Fe-N-O axis. A Pg; (%)
wavelength of 476.5 nm of an Arlaser with an average power of ) _
100 mW/cn? was used. A final population d®;=22% is reached FIG. 5. Structure factoF ;p; as a function of the population of
with this setup. Sl (Pg)) of a SNP crystal §=0.85 mm). The polarization of the

light was along the axis of the crystal. A wavelength of 476.5 nm
decades. Figure 4 shows the population measured on a SNPan Ar” laser with an average power of 50 mW/nvas used.
crystal of thicknessl=0.9 mm, which was illuminated with The structurt_e fa_tctorE107 obtained _in the two experiments on TriCS
laser light of the wavelength 476.5 nm and an average powetd D9 are indicated for comparison.
of 100 mW/cnf. The temperature during the illumination
was 46 K, as monitored by sensof. TThe measured voltage
U, is proportional to the transmitted light intensitygiven
by the incident light intensity, of the laser beam and the

Fig. 3. Figure 5 shows the structure fackoy,; as a function
of Pg,. It shows a linear dependence @y, since the
phases are 0 ar in the centrosymmetric space groBmnm

damping in the sample: (F107= Vl107% l107: scattered-neutron intensjtyThe reflec-
tion 107 proves to be useful for a comparison between the
Upn~ 1 =1oexp( — ad), (1)  different crystals used in the different measurements, since it

is a weak reflection and therefore does not suffer from

wherea is the absorption coefficient of the sample ah  changes in the extinction, which occur when illuminating the
the thickness of the sample. Measuring the transmitted ligh¢rystal with laser light. The values of the structure factor
intensity one can therefore determine the absorption coeffiF, , obtained in the two structural investigations on TriCS at
cienta of the crystal in the mixed state GSI by SINQ and on D9 at ILL(Ref. 17 are indicated in Fig. 5. The

values of the different measurements have been scaled to the
@) ground-state value d¥ ;. Figure 5 illustrates that the popu-

lations Pg, of Sl assumed for the refinement of the two
datasets agree very well with the TOPSI results. Therefore in

. . Yuture experiments one may also check the achieved popula-
GS+Sl are precisely known from absorption measurements; g, P, of SI by comparing the structure factét,y; with
as demonstrated in detail in Ref. 20. Therefore the populafhis curve.

tion Pg of the metastable state SI can be determined by
comparing ags.5(Q) and agg0) at the corresponding
wavelength(476.5 nm using Eq.(6) from Ref. 20:

t,GS+ Sl

1
agsts(Q)= aGs(QZO)—am ' os

IIl. REFINEMENT

The structural refinement of the neutron data of GS and

acdQ=0)—agyQ) 5 the mixed state GSSI is performed with the program

acy(Q=0) ®) JANA2000 (Ref. 23 For both states the space groBpnm

(No. 58 is used. The lattice parameteas-6.1663(6) A,b
The knowledge of the actual populati®ty, of the meta- =11.8904(8) A, andc=15.6003(17) A for GS anda

stable state Sl is of great importance for the refinement of the=6.1357(3) A, b=11.8545(7) A, andc=15.5461(10) A
structure. Therefore in a further neutron-diffraction experi-for GS+SI were refined from 820 observed reflections using
ment on the two-axis spectrometer TOPSI at SINQ the neuthe program Rafin/ILL. The neutron wavelength was
tron structure factor of selected reflections was recorded as1761(13) A as was determined after the measurement with
function of the populatiorPg, of SI, which was determined a NaCl single crystal witla=6.6400(5) A?* Isotropic ex-
from the transmission measurement using the setup shown tinction correction of type | (Lorentz distribution is

Ps(Q)=
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TABLE |. Experimental data collection parameters for SNP.

GS (TriCS) GS+SI (TriC9) GS (D9) GS+ Sl (D9)
Space group Pnnm Pnnm Pnnm Pnnm
z 4 4 4 4
Wavelength (A) 1.176113) 1.176113) 0.84894) 0.84894)
T(K) 43 43 80 80
a(A) 6.16636) 6.13573) 6.16795) 6.18185)
b (A) 11.89048) 11.854%7) 11.903310) 11.91828)
c (A 15.600310) 15.546110) 15.612413) 15.619811)
V(A3) 1143.8 1130.8 1146.2 1150.8
d (g/ent) 1.728 1.736 1.757 1.757
[sin(@)/N]max (A1) 0.706 0.706 0.732 0.729
Absorption coefficient (mm?) 0.004 0.004 0.003 0.003
T min (MiNimum transmission 0.9721 0.9709 0.9849 0.9845
T max (Maximum transmission 0.9952 0.9951 0.9973 0.9973
Crystal dimension (m#) 0.9-4545 0.9-4545 0.33-3 0.33.3
Nmax 7 7 8 8
Kmax 14 14 15 17
I max 18 18 20 22
No. of measured reflections 1134 1134 1567 2111
No. of unique reflections 951 951 1401 1837
Merging Re s 4. 0.0108 0.0109 0.0312 0.0219
Merging R 0.0135 0.0116 0.0191 0.0327
No. of refined reflections 1015 1015 1567 2111
No. of observed reflections #30) 908 964 1401 1837
g, (1074 0.001 258 0.001 191 0.001 490 0.003 201
Population of SIPg, (%) 0 22 0 44

&Circular sample of diameter 9 mm.
®|sotropic extinction correction of type(Lorentzian distributionis used(Ref. 23.

applied®® 1015 reflectiong908 observedare considered for where b; denotes the neutron-scattering IenE{tIRj is the
the refinement of GS and 101864 for the mixed state position of atonj, andQ is the momentum transfer. The sum
GS+SI. has to be performed over all atoms the unit cell andw;

In order to check the reliability of the refinement and theis the Debye-Waller factor.
chosen models, the datasets for GS andt+G§ measured The quality of the refinement is described by the agree-
by Ridlinger et al® at the single-crystal diffractometer D9 ment factorsR andgoodness of fit.SThe R factor is defined
at ILL (T=80 K), have been reexamined witANA200g as  as
this program package offers more options for complicated
restrictions than the programpaLs (Ref. 26 used in the

former study. The lattice parameters for the two D9 datasets & IIFobd = IF cad|
are a=6.1679(5) A, b=11.9033(10) A, and ¢ R= : )
=15.6124(13) A for GS and a=6.1818(5) A, b > |Fond

hkl

~11.9182(8) A, andc=15.6198(11) A for GS'SI. The
neutron wavelength in this experiment was 0.8489(4) A-whereFobsyca,care the observed and calculated structure fac-

1567 reflectiong1402 observedare considered for the re- tors. Goodness of fi§ is defined as
finement of GS and 21111838 for the mixed state GS
+SI. The lattice parameters for the crystal used in the D9
experiment were redetermined from the positions of 1000 \/2 W(F s~ F caid)®
observed reflections. Therefore they differ slightly from S= n , (6)
those given in Ref. 16, which are based on a set of 20 reflec-
tions. wherem is the number of reflections amdis the number of
The refinement is based on the nuclear structure factor parameters refined. The weightis defined as
1
W= 2
o (lFobsl)‘*'(UFobs)

F<Q>=§ b,exp(iQR;)exd —W;(Q)], (4) ™
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b

factor andu is the instability factor ¢=0.01 in our refine- v

men). The experimental data collection parameters for both
measurements are summarized in Table I.

where o is the observed standard deviation of the structure TriCS/SINQ 01/
Ola

IV. RESULTS
A. GS

The refinement of GS is straightforward and yields agree-
ment factors ofR=0.0367, S=3.15 and R=0.0509, S
=3.65 for the TriCS and D9 dataset, respectively. The results
are in agreement with earlier refinements of the GS structure
based on x-rayf and neutrotf measurements. For details on
the refined structural parameters see EPAPS Tables | &d II.
The occupatioro of the two different deuterium positions is
refined independently, resulting in almost equal values of
0o[D1]=0.47(1) andb[D2]=0.50(1) for the TriCS dataset.
For the D9 dataset, occupations ofD1]=0.35(1) and = 4
o[D2]=0.36(1) are obtained, in agreement with the pub-
lished data’

01
B. GS+SI DY/ILL )

The refinement of the structure of the mixed state GS
+ Sl is not as straightforward. A naive refinement of the
structure, as performed for GS leads to negative displace-
ment parameters for the atoms Fe and O1 of the
[Fe(CNENO] molecule, showing that the main changes
concomitant with the excitation of the metastable state Sl IO
occur at the Fe-N-O group, as was already recognized by
Rudlingeret al1® However, since we know the population of
Sl to be about 22% from the transmission measurement, one
can refine more elaborate models and test especially the
isoni}gosyl configuration(Fe-O-N suggested by Carducci
et al.

1. Model with two oxygen positions

Introducing two positions for the oxygen atom of the
[Fe(CNENO] molecule, O1 and Ol&weighted with the NI
population of GS and SlI, respectivelythe refinement con- D
verges toR=0.0437,S=3.83 andR=0.0518, S=3.35 for
the TriCS and D9 dataset, respectively. The displacement FIG. 6. View of the FE(CN)sNO] molecule along the axis
parameters of the two oxygen atoms have to be chosen is§10° inclined of the crystal in the model with two oxygen positions
tropic in order to obtain a clean refinement. Introducing anfor O1. The two oxygen positions of the GS and Sl are indicated on
isotropic displacement parameters on these positions leads tite same molecule. The upper picture shows the result from the
unphysical(negative values, because the thermal ellipsoidsrefinement of the TriCS dataset and the lower picture that from the
of the two atoms overlap. Since the occupation of the twd?9 dataset.
positions is not equal, the scattering density distribution in
this region is not uniform. Therefore the refinement of twothe other atomfsee EPAPS Table IlRef. 28] with those of
thermal ellipsoids can easily lead to unphysical solutionsthe two oxygen atoms. Figure 6 shows tfee(CNxNO]
describing the observed scattering density as well as the oneolecule with the thermal ellipsoids and spheres as deter-
with two atoms having isotropic displacement parametersnined in the refinement. The two different oxygen positions
(spheres This was actually done in Ref. 16 by averaging O1 and Ola of GS and Sl are drawn on the same molecule in
two spheres of different radii and different origins by oneorder to ease the direct comparison between the two states
ellipsoid (with negative values of the displacement param-GS and SI.
eters of Ol The details on the structural parameters are A stringent test of the stability of the refinement is ob-
given in EPAPS Tables IIl and I¥? The equivalent displace- tained when refining the occupanoyO14 of the oxygen
ment parameter@eq29 are indicated in order to ease the com- atom Ola(excited state Slwith the restriction that the sum
parison between the anisotropic displacement parameters of the two occupancieso{ O1]+o0[O14]) is always the full
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TriCS D9

GS GS+SI2 GS+SIP GS+SI° GS GS+SI2 GS+SIP GS+SI°¢
N4-01 1.1383) 1.1286) 1.1348) 1.133 1.12%%) 1.14912) 1.15614) 1.129
N4-Ola 1.182) 1.14210)
N4a-Ola 1.18) 1.132) 1.12219) 1.15Q7)
Fe-N4 1.6742) 1.6682) 1.6606) 1.674 1.68(B) 1.6992) 1.68311) 1.680
Fe-N4a 1.712) 1.72413)
Fea-N4a 1.64) 1.7166)
Fe-O1 2.8063) 2.7296) 2.7936) 2.806 2.8084) 2.83410) 2.837110 2.808
Fe-Ola 2.8[2) 2.81(2) 2.84812) 2.84412)
Fea-Ola 2.8) 2.8636)
Fe-C1 1.92B3) 1.9223) 1.921(3) 1.927 1.926) 1.921(3) 1.9203) 1.926
Fea-Cla 1.9426) 1.9036)
Fe-C2 1.93@) 1.9292) 1.9282) 1.934 1.93@) 1.9372) 1.9382) 1.937
Fe-C3 1.94P2) 1.9402) 1.9382) 1.947 1.94@) 1.9482) 1.9482) 1.946
C1-N1 1.16%3) 1.1653) 1.1643) 1.165 1.1684) 1.1693) 1.1683) 1.168
C2-N2 1.1682) 1.1612) 1.1612) 1.163 1.1683) 1.1672) 1.1672) 1.163
C3-N3 1.1682) 1.16Q2) 1.1632) 1.163 1.1683) 1.1662) 1.1632) 1.163
Fe-N4-0O1 1.3P) 2.4515) 1.6(2) 1.37 1.4311) 3.2(2) 1.84) 1.43
Fe-N4-Ola 2.66) 0.42)
Fe-N4a-Ola 1®) 1.55)
Fea-N4a-Ola 1@ 1.9519)
C1l-Fe-N4 176.7A.3) 176.6314) 175.712) 176.70 176.2416) 176.5113) 175.13) 176.24
Cl-Fe-N4a 179@) 178.44)
Cla-Fea-N4a 176(7) 177.23)
C2-Fe-N4 93.28) 93.309) 92.6616) 93.25 93.0110) 92.939) 91.92) 93.01
C3-Fe-N4 97.6®) 97.619) 98.2516) 97.63 97.8011) 97.239) 98.1(2) 97.80
C3-Fe-C1 84.6(B) 84.619) 84.7009) 84.66 84.8211) 85.209) 85.249) 84.82
C3-Fe-C2 169.081) 168.9812) 169.0312) 169.08 169.1414) 169.8@11) 169.8811) 169.14
C3-Fe-C2’ 88.2%7) 88.2Q7) 88.248) 88.22 88.448) 88.557) 88.487) 88.44
C3-Fe-C3’ 91.10) 91.3310 91.2510) 91.19 91.2012) 91.059) 91.069) 91.20
Fe-C1-N1 179.@) 179.32) 179.42) 179.3 179.®) 179.12) 179.712) 179.9
Fe-C2-N2 178.414) 178.4315) 178.37116) 178.47 177.941L8) 178.3114) 178.4315) 177.94
Fe-C3-N3 176.2415) 176.3816) 176.2616) 176.2415) 176.3818) 176.1715) 176.1715 176.38

Model with two oxygen positions.
®Model with two NO ligands.
‘Model with two[Fe(CNxNO] molecules and GS fixed.

occupation of the site. The refinement converges to 22% oGsmall valueU,;=0.4x 103 A2 of Fe in the refinement of
cupation for S, as determined independently from the transthe TriCS dataset. This is a consequence of the smaller
mission measurement for the TriCS dataset, and to 44% 0Gin ¢/\ range in the TriCS datasets. In principle, refining the
cupation for Sl for the D9 dataset with the same structurahnisotropic displacement parameters of one Fe atom at a po-
parameters as obtained with fixed occupaffon. sition, where in reality two Fe atoms are located at two
The main changes between GS and Sl occur at the Fe-N4iightly different positions, should lead to larger values of
01/Ola anglgTable 1)) while the N4-O1 distance in both y,,; due to the disorder at this position.
configurations remains the same within standard deviations.
The structural parameters obtained for Fe, N4, O1, and Ola , .
agree for the two datasets. The displacement parameters 2. Model with two NO ligands
show some deviations, especially the parametbrsof Fe Introducing two NO ligands N4-O1 and N4a-Ola, i.e.,
and N4. This may be explained by the larger dataset for théwo positions for oxygen and nitrogen, the two datasets can
D9 data, covering more reflections at higher @i values, be refined almost equally well as in the two-oxygen-position
which are highly sensitive to the displacement parametersnodel. Agreement factors oR=0.0459, S=4.01 andR
Compared to the pure GS the Fe-N4-O1 angle oftG8is  =0.0525, S=3.35 are obtained for the TriCS and D9
increased from 1.37° to 2.44° in the TriCS refinement anddataset, respectively. In the TriCS dataset the displacement
from 1.43° to 3.2° in the D9 refinement. One finds a rathemparameters for Fe, N4, N4a, O1, and Ola have to be chosen
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consequence of refining the displacement parameters of two
atoms at almost identical positions. Figure 7 illustrates the
result that for Sl the quasifourfold axis of the molecule is
nearly in a linear configuration, whereas the GS shows a
slight bending away from the fourfold axis. The refinement
with two NO ligands has the advantage that the GS configu-
ration remains unaltered when compared to the pure ground
state, whereas in the two-oxygen-position model the Fe-
N4-O1 angle was changed. The fact that these two models
lead to similar agreement factors in the refinement is not
completely astonishing, since already in 1979 Feltham and
Enemark! concluded from an extensive study of different
nitrosyl compounds: The various positions for the oxygen
atoms of the disordered bent nitrosyl ligand can usually be
determined but the coordinates of the nitrogen atoms are
often impossible to define uniquely.

. o1 when compared to those of Nda and O1la. This is again a
TriCS/SINQ /.ﬁ’ oL

3. Model with one NO and one inverted NO ligand

o1 " Can the data also be explained with the isonitrosyl con-
DY/ILL 7 0Ola figuration ON of the NO ligand of Sl, as proposed by Car-
ducciet all’?

Introducing for the metastable state Sl an inverted NO
ligand, i.e., besides the N4-O1 for the GS a ligand Ola-N4a
is used in the refinement, no stable refinement vyielding
physically meaningful parameters can be achieved. Either
the outer atom N4a has displacement parameters which are
more than one order of magnitude higher than the others
(Uiso=0.13 A2 corresponding to a mean displacement of
(u;)=0.36 A) or the inner atom Ola has negative displace-
ment parameters, when constrainidg N4a] to U;[ O1].

This result is independent of whether the displacement pa-
rameters are chosen isotropic or anisotropic. The reason for
this behavior becomes evident when looking at the contribu-
tions to the nuclear structure factbg, [see Eq.(4)]. Insert-

ing a nitrogen atom for an oxygen atom on the outer posi-
tion, the neutron-scattering length is increased from 5.8
barn to 9.36 barn. If the observed structure factors do not

FIG. 7. View of the FE(CN)sNO] molecule along the axis of  agree with this model, the Debye-Waller factor exp
the crystal (10° inclinedin the model with two NO ligands. The [—V\/](Q)] must be reduced in the refinement. Therefore the
two NO ligands of the G&N4-O1) and SI(N4a-Ola are indicated  displacement parametét;, is enhanced until the overesti-
on_the same moIeCL_JIe. The upper picture shows_, the result from thgyated scattering density is reduced to the observed value.
refinement of the TriCS dataset and the lower picture that from th‘Forcing the valuedJ,,, of the outer atoms O1 and N4a to
D9 dataset. reasonable values, the problem is handed over to the inner

position, where the situation is inverted. Here the neutron-
isotropic. In the D9 datasef;; [Fe] can be chosen aniso- scattering lengttb; is reduced from 9.36 barn to 5.8 barn
tropic. The details on the refined parameters are given ivhen replacing N4 with Ola. Therefoté,, is decreased

>

EPAPS Tables V and \A? until the missing scattering density is obtained, thereby
The main changes between GS and Sl in this model occufielding unphysical values dfl;, [ O14.
at the C1-Fe-N4 bondsee Table . The Fe-N4(GS) dis- Reducing the population of Si.e., the number of in-

tance is increased from 1.62 A to 1.742) A (A  verted configurations Ola-Npkads also to the reduction of
=0.036 A) in Fe-N4a(S|) for the TriCS dataset and from the values for the structure factors. In other words, if the
1.6803) A to 1.72413) A (A=0.044 A) in the D9 dataset. assumed population of Sl is overestimated, the displacement
The C1-Fe-N4 angle is 1798° (TriCS) and 178.44)°  parameters will correct for this wrong input in the refinement
(DY) in SI (C1-Fe-N4a whereas for GS it is 176.70(13)° in the same manner as described above. To sort out this pos-
(TriCS) and 176.24(16)1D9). The N4-O1(N4a-Ola dis-  sibility as an explanation for the occurrence of negative dis-
tance and the Fe-N4-OFe-N4a-Olaangle remain practi- placement parameters, the occupation of N4a and Ola was
cally unchanged. In the TriCS refinement the isotropic dissystematically reduced and the refinements were repeated. It
placement parametetd;s, of N4 and O1 are rather small was found that the population of Sl has to be reduced to
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TABLE III. Isotropic mean-square displacement parametetg, (A2) from refinement of SI

with fixed GS.
TriCS D9 From Ref. 14
Nitrosyl Isonitrosyl Nitrosyl Isonitrosyl Nitrosyl Isonitrosyl

Ps (%) 22 22 44 44 37 37
R 0.058 0.058 0.051 0.052
S 4.7 4.8 3.2 3.3
Uiso(N4a) 0.0041) 0.0333) 0.0201) 0.0291) 0.004@4) 0.01024)
Uiso(Ol1a) 0.0042) —0.019(3) 0.0041) —0.002(1) 0.016(%) 0.00885)
No. of variables 64 64 64 64 55 55

values lower than 1% and 3% for the TriCS and D9 dataselN4a, and Ola isotropic displacement parameters are intro-
to get rid of this problem. Furthermore the two possibilitiesduced in Sl. Therefore 64 free parameters are refined to the
to reduce the value of the structure factérgreduction of  mixed state GS Sl (see Table IlJ. Carducciet al!” used 55
occupation and decrease of the values of the displacemefree parameters in their refinement, by refining only isotropic
parameters have a differentQ dependence. Therefore the displacement parameters to the two hydrogen positipes
influence of the two effects can be separated well enough i@ instead of 12 parameterand fixing the isotropic displace-
the refinement, especially in the D9 dataset, where more ranent parameter of Fe to its ground-state value.
flections have been measured in the range up tad/sin The results of these refinements agree qualitatively with
=0.73 A°L. those obtained in the above explained refinements. Using the
Refining the occupation of the isonitrosyl configuration of nitrosyl configuration(N bound for Sl one obtains stable
Sl leads to a decrease of the occupation of N4a and Ola tefinement with quite reasonable displacement parameters
zero with arbitrary structural parameters for these two atomdor Fea, N4a, and Ol&see Table Il for both datasets
In order to get a stable refinement in the Fe-Ola-N4a confTriCS and D9. For the isonitrosyl configuratiofO bound
figuration the positions and displacement parameters of N4n the other hand one obtains again negative displacement
01, N4a, and Ola have to be fixed. Using the same occiparameters for the inner atom Ola and rather large values for
pancies as in the refinements without NO inversion, considthe outer atom N4a. ThR values obtained for the two dif-
erably inferior agreement factors &=0.055, S=4.8 and ferent refinements are almost eqs¢e Table IlJ, therefore
R=0.081,S=4.51 for the TriCS and D9 dataset are obtainedone has to apply other arguments in order to decide between

for this configuration. the two models. The same situation was found in the x-ray
refinementg; which led those authors to the conclusion that
4. Models with fixed GS configuration the isonitrosyl configuration is the correct solution mainly

due to stability arguments. We suggest that the nitrosyl con-
figuration is the correct structural solution for Sl since in the
jg;)nitrosyl configuration we obtain negative displacement

Since we know from infrared spectroscdpyhat the vi-
brations of the GS do not change in the excited state-SIS
we performed also a refinement where the coordinates a

displacement parameters of the GS were fixed to the valu ents in the nitrosyl configuration are stable when refining

obtained in the refinement O.f the pure .GS' Therefore Wpe populationPg, of SlI, whereas those in the isonitrosyl
Fd (CN)sNO] molecules are introduced in the aSyI’nmemcconfiguration are not. For the D9 dataset one can find a re-

;m't’sfjr_]l?hw'th(;he plararl‘neterjt%nd p?pulatlc;n of GS anfq Ogﬁnement in the isonitrosyl configuration with reasonable dis-
or Sl. The DO molecule and the natrium atoms are refine placement parameters for Nda and Ola when fixing the

ur?reztrlcted,GbgtS:Jsmg r:)nly one pqsmoln ;O.r thr?m 'n.thepopulation of Sl aPg~20%, in contradiction to the results
Mmixed state » as they are not involved In the excita- ¢4y jn Fig. 5. This is not possible for the TriCS dataset,

tion mechanism and therefore their changes in position and, . o populatiorPg, is reduced to nearly zero. This

displacement parameters can be neglected. The lattice PRduction shows again the necessity of a separate detection

rameters of the GS were taken for this kind of refinement, inO]c the populationPg,. Consequently, we can only vary the

grde(r:lilo Zcé:ountl for Ithe fft"’:ft (tshgt dthe cthstr?mces within thedisplacement parameters or the fractional coordinates in our
€ (CN)sNO] moiecule ot the o notc angée same refinements. The additional knowledge of the neutron-
results are obtained when introducing a GS molecule, cor:

. . 4 . scattering lengthd; of N and O opens the possibility of
rected for different lattice parameters, in the -GSl lattice. ; I { ; ;
it has been show# that the changes of the rigid GS mol- investigating the changes of the fractional coordinates and

; . e displacement parameters when exchanging N and O.
ecule are indeed very small, when allowed for translation an(I]h P P ging

rotation in the GS- Sl lattice. Furthermore the displacement
parameters of the cyano ligands in the SI molecule are set to
the corresponding values of GS, since a refinement of those Evidence for the isonitrosyl configuration in the x-ray ex-
leads to strong correlations because the positions of thegeeriments was also found when looking at photodifference
atoms almost coincide with the GS positions. For the Feamaps!’ which are weighted differences between the struc-

rameters, which is unphysical. Furthermore the refine-

5. Photodifference maps
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FIG. 8. (a) Photodifference map-(GS+ SI)-kF(GS) for the
TriCS datasets, i.ek=0.78; contours 2 barnZ. (b) Observed
density in the TriCS measurement for the ground st&tgsS);

contours 5 barnA3.

ture factors of GS Sl and GS. Figure @ shows the pho-
todifference mapg-(GS+ Sl)—kF(GS) for the TriCS dataset
in the planez=0.5 (containing the N1-C1-Fe-N4-O1 axis
with the weighting factork=0.78 for F(GS), since the

X
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position. Similar maps with a higher scattering density at the
N4 position compared to the O1 position were found for the
D9 dataset, confirming the results and interpretation of our
least-square refinements.

V. CONCLUSIONS

The structural refinement of the neutron-diffraction data
shows that a small change in the Fe-N4 bond length
(= 0.05 A) and in the C1-Fe-N4 angle~(3.5°) are the
only significant rearrangements in the nuclear structure con-
nected with the excitation of the metastable state SI. This
result is consistently found for two datasets with different
population of the metastable state 82% and 44%). The
elongation of the Fe-N4 bond length by about 0.05 A was
already found in the x-ray experiments of Presspsacll®
Also Carducciet al!” could interpret their x-ray data in this
manner with the same agreement factors as for the interpre-
tation with the isonitrosyl configuration. The structural re-
sults for Sl are therefore consistent for the two methods. The
attempts to interpret the data using the isonitrosyl configura-
tion for Sl, as suggested by Carduatial,!’ failed for the
neutron data. The refinement does not converge to physically
meaningful parameters. Neutron diffraction is the key tech-
nique to investigate a possible inversion of the nitrosyl-
ligand since it allows easy distinction between N and O due
to their sufficiently differing scattering length®.36 barn
versus 5.8 bann This is reflected in the fact that those re-
finements, which were performed in the same manner as the
x-ray refinementd’ yielded unphysical displacement param-
eters for the NO group in the isonitrosyl configuration or
resulted in a strong reduction of the populatiBg,. The
isonitrosyl configuration can only be refined when constrain-
ing all displacement parameters of Sl to those of GS. As
soon as one of them is released, its refinement yields un-
physical values. This elucidates the delicate problems which
occur when constraints between the parameters of Sl and GS
are introduced in the refinement of the mixed stateH&&

This is the reason why we prefer the structural refinements of
the mixed state with no constraints on the GS, even when
this results in small changes of the known GS structure.
However, as already pointed out by @3 a small struc-
tural change is not able to explain the extremely long life-
time (>10’ s at low temperatur¢®f the metastable state Sl.

There are further experimental investigations which do
not yield an unambiguous proof of the isonitrosyl configura-
tion. It has been shown by electron paramagnetic resonance
(EPR measurements that irradiation of SNP with x-rays
(MoK ) produces paramagnefi€e(CN)xNO]3~ species in
the crystal, which can also be excited into Sl by irradiation
with light. A clear ¥*N hyperfine splitting is found, which
demonstrates the existence of the Fe-N bond in Sl for this
3d’ system. Further, an extended x-ray obsorption fine

transmission measurement yielded a population of 22% fostructure analysis of irradiated CpNiNO received an elonga-

Sl. One finds a density of 17 barnA at the N4 position

tion of the Ni-N and N-O bond lengths with respect to the

compared to 9.17 barn& at the O1 position. For direct ground statd® However, subsequent structure analysis
comparison Fig. &) illustrates the observed density in the by x-ray confirmed the isonitrosyl Ni-O-N configura-
GS, where a density of 58 barnA was found at the N4 tion3® In a recent structure analysis of the compound

position compared to a density of 28 barnfat the O1

Nay[ Ru(NG,) ,OHNO]2H,0 using synchrotron radiatioH,
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the metastable state Sl is described with a significant inpopulation of the metastable state SI and a change of the
crease of the Ru-NO bond length and a decrease of the Relectron density. Irradiation with blue-green light excites an
N-O angle. The attempt to refine SI with an isonitro- electron into the antibonding™ (NO) orbital with a lifetime

syl configuration (Ru-O-N) failed for this compound. in the 7* (NO) orbital of severalus:?° Fe(3dxzyz 3dxy)

On the other hand, the isostructural compound— 7*(NO)—SI. This lifetime is long enough for the re-
Ko[RUu(NG,) ,OHNO]2H,0 is refined in SI with the isoni- maining electrongmainly at the Fg to relax into a new
trosyl configuration by Fomitchev and CoppéfisStrong configuration. The excited electron relaxes from tg NO)
evidence for the existence of the isonitrosyl structure is giverorbital back into the 8(Fe) orbitals embedded in this new
by the DFT calculation&®**39A stable energetic minimum potential. From the measured shift in the quadrupole splitting
is found for the isonitrosyl geometry, yielding an increase ofand from the change of the isomer shift observed bys$4o
the electric-field gradient at the Fe nucleus, an increase of thgauer measuremerftsjt was concluded that not the whole
isomer shift, a significant frequency downshift of the vibra- excited charge is relaxing back to thd(Be) orbitals, but a
tions and a higher energetic position of SI with respect tasmall amount remains in the* (NO). While thereby the
GS. The quantitative agreement between observed and calopulation of ther* (NO) orbital is increased, those of the
culated values is not very good, but qualitatively the calcu-3d,, 3dy,,,, and 4, are decreased. This redistribution of
lations agree with the observations as they predict theharge density might also explain why the observed transi-
changes in the correct direction. However, the DFT calculations in the absorption measurements do not agree very well
tions cannot unambiguously show whether the calculatedith the energetic position from the calculated orbital con-
minimum in energy is occupied in reality when irradiating figuration, which is based on the isonitrosyl configuration.
with light, since in all DFT calculations the isonitrosyl struc- On the other hand it also could lead to misinterpretation of
ture is introduced and the consequences for the physical p&-ray data, where the scattering occurs at the electrons.
rameters are calculated starting from this configuration. The The conclusion of a small change in the Fe-N-O angle fits
same problematic situation exists for the interpretation of thealso in the classification scheme of Feltham and Enerfiark,
results received by inelastic nuclear scattefhghe de-  where the nitrosyl complexes are classified] {NO),]"
tected shifts of the stretching vibrations and deformatiorspecies witm being the total number of electrons associated
modes are known from IR/Raman spectroscbify*' The  with the metaid and/orz* (NO) orbitals. Their final conclu-
interpretation of these shifts using DFT calculations is agairsion is that for six-coordinate mononitrosyl complexes the
based on the assumption that the isonitrosyl structure is e$4-N-O angle is 186-10° for n<6 (SNP), 145+10° for n
tablished and subsequently the calculated vibrations are com-=7 and 125-10° for n=8. Moreover the almost linear
pared to the observed ones. A much stronger evidence tsonfiguration of the C1-Fe-N4 angle in S| compared to GS is
presented by isotopic substitution of Fe, N, and O in IR/in agreement with Mssbauer experiments, where an in-

Raman measuremerits**Here, the isotopes are fingerprints crease of this angle towards a more linear configuration was
for the determination of the shift of the(Fe-N) or v(Fe-O  observed?®

stretching vibrations and(Fe-N-O or §(Fe-O-N deforma-
tion modes. Unfortunately the shifts between tsl, °N,
160, and *®0 are quite small. They are decreasing between
0 cm ! and 4 cm®. Consequently DFT or force field cal- This work was partially performed at the SINQ, Paul
culations were performed to estimate the amount of the shiftScherrer Institut, Villigen, Switzerland. Financial support by
From this calculations it is predicted that the isonitrosyl con-the Swiss National Science Foundati¢Grant No. 21-
figuration can explain the small decrease of 4 ¢érfor the  57084.99, the Deutsche Forschungsgemeinsct@fant No.
5(Fel80-1°N) deformation mode, which is of course in clear WO618/5-1, and the European CommunitiNTAS, Grant
contradiction to our structure analysis. No. 2000-0651is gratefully acknowledged. We are very in-

Taking into account the results of recent absorption meadebted to N. K. Hansen and V. Pegk for helpful discus-
surements we can present a detailed two-step process for te®ns.
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