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Abstract

Thermodynamic measurements on irradiated[Ne(CN)xNO]-2H,0 reveal the existence of four light-induced long-lived metastable
states, which decay exponentially in time. The activation energies and frequency factors of the four independent states are determined from
isothermal calorimetric and differential scanning calorimetric measurements.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction respectivelyf14]. However, up to now the fundamental ques-
tion about the number of metastable states, which can be
Two light-induced long-lived metastable states, denoted accessed by light-illumination, is not answered conclusively.
as Sl and SlI, are established in crystals, glassy matricesBased on differential scanning calorimetric (DSC) measure-
or cooled liquids with the general chemical composition ments a third metastable state was propdddd and four
X,[ML5(NO)]-yH20[1,2]. The central transition metal atom metastable states were used to describe the DSC curve in Ref.
M (e.g., Fe, Ni, Ru, Os, Mo) is surrounded by any ligands [1]. This inconsistency is especially disturbing since the na-
L, e.g., F, Cl, Br, I, CN, NH, OH, CO, CH, etc., including ture of the metastable states is still a matter of discug&iin
hemoproteins and metalloporphyrifg-12]. X, represents  To finally clarify this issue and to detect all possible energy
various cations or anions, depending on the formal chargeminima in the potential landscape we performed isothermal
of the complex and denotes the water content. Recently, calorimetric and DSC measurements as an extension to the
Sl has been discovered in a compound containingirN results of Dliner et al.[14], whereby the isothermal calori-
stead of NO as the active ligafiti3], so that the metastable metric measurements extend the accessible time scale of the
states are established as a general fundamental physical progiecay time to 50—1s.
erty. The best analyzed system among all these substances
is sodium nitroprusside NfFe(CNENO]-2H,0 (SNP), in
which Sl and Sll can be accessed by irradiation with light in
the spectral range 350—600 nm having a life time 10fs 2. Experimental
at temperatures belo® = 190K (SI) andT’ = 140K (SlI),
The DSC (Mettler DSC 30) is equipped with two quartz
windows inside and outside of the cryostat for light irra-
* Corresponding author. Tel.: +49 221 4706355; fax: +49 221 4705199. diation. Single crystals of orthorhombic sodium nitroprus-
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four molecules per unit ce]ll6,17], were grown from aque- 3. Results and discussion

ous solution, doubly recrystallized, and cut perpendicular

to the crystallographic axes. The high quality of the sin- First, the time dependencies of the isothermal decays ob-
gle crystals was checked by X-ray diffraction and optical tained after exposure to light were recorded, exemplarily
methods. The SNP crystals of 15.34 mg, 0.4 mm thickness, shown at the temperatur&s= 183 K for Sl andl’ = 132K
polished to optical quality, lying in an Al-crucible, are ir- for Sll in Fig. 1. In both cases the heat flow dQ/de., the
radiated by the light of a metal halide lamp (Osram HMI time derivative of the heat, has to be fitted by the sum of two
575W), narrowed by a set of broad band interference filters exponential functions with significant differences in the life
plus color glasses (GG 400, BG 39) 0. = 400-500 nm times. From the temperature dependence given inFig. 2,

with an intensity off = 200 mW/cn?. The electric field vec-  we obtain the activation energi&sand frequency factorZ,

tor vibrates parallel to the-axis of the crystal, in order to  which are named isothermalTiable 1. We have to point out,
obtain maximal population. The total exposupe= [ I dz that the uncertainties of the frequency factdrare gener-

on the crystal to reach saturation in Sl (about 50 kJ/mol) is ally in the range of one order of magnitude due to the small
Q = 3000 J/crA. In order to achieve maximal population of available temperature range. The fundamental new result is
Sll the crystal is subsequently irradiated with unpolarized

lightin the spectral ranga&i = 1100-1200 nm using a broad |
band interference filter, an intensity ¢f= 100 mW/cn$ E
and a total exposure of) = 200J/cm. For the dynamic N
measurements linear heating rages- d7/dr = const. be- F\
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tween 0.2 and 0.7 K/min are used and the spectrum of the § r \‘r.‘ T=33005
unirradiated sample is subtracted, so that the baseline is 5 t 5
horizontal, lying at zero and only the heat release of the g \ i

metastable states is determined. The isothermal decay is GEE Yoo

detected at those temperatures where the life time of S .
or Sll is long enough for the measurement with DSC, be- Lottt i
cause after the irradiation @t= 110 K we need about three bl Rme R sh 00 W
minutes to reach the desired temperature and temperature rs
control by the DSC. The heat released during the decay
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of the metastable states is given tyHiot = [(dQ/di) d. [y BTk ]
The activation energye and frequency factoZ are ob- h i
tained from the isothermal measurements by fitting the tem- z "\ SII, 4
perature dependence of the life timesvith the Arrhenius 5 L S T=2410s i
law <4 it
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while they are obtained from the dynamic measurements v

with Fig. 1. Isothermal decays of the light-induced metastable states: (a) S| at
T=183K and (b) SIl at T=132K.
do E z (T E ,
— = AHiptZ expl—— — = expl— a7’ ],
dr ksT B Jr ksT’
|0"T"“I""""“"':"""i"“é
2) - ]
which describes the DSC curve of a single Arrhenius-like 102 %% %1, sty
decay.kg denotes the Boltzmann constat,the heating ) ; %\ ]
rate, andlp the starting temperature for the integration. The T . o |
temperature was calibrated by the onset of the phase transi- 10° ! s, 3
tion temperatures of In (& 156.6°C), Ga (T'= 29.8°C), F 7
Hg (T = —38.9°C), hexane (7= —95.0°C), n-pentane F £ 4
_ o ; : [ LS TEEY FETEY FEET FETTE TR FEEE s
(T = —129.7°C), ammonium dihydrogen phosphate & AE Sh EE 5p BR 4 %= 4b

—123.3°C), and potassium dihydrogen phosphaie={ I

—151.3°C) resulting in a temperature accuracy60.8 K.

Calibration of the enthalpy was made with respectto the phaserig. 2. Temperature dependence of the life timesf the four metastable
transitions of In (H= 28.45 J/g) and Hg (K= 11.4 J/g). states Slp and Slhp.
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e eas. From several independent measurements with different
10 E @sL p=06Knin heating rates we obtain the mean values&gp, and Zap,
0.8 _ presented iTable las dynamic, together with the total en-
= 3 thalpiesA H,, A Hp. These results are in excellent agreement
E o6F with those from the isothermal measurements.
E’ 04 Third, we prepared and investigated the statga6dl SIk
T E separately by thermal de-excitation of,@hd Sl},, which is
02 E an unambiguous proof that the new states are independent
- E £ o from each other and do not result from, e.g., tunneling pro-
150 160 170 130 190 200 210 cesses or the existence of a saddle point in the energy land-
TK scape. Such investigations are possible since the four states
N have different life times at a given temperature. For example,
= (b) SIT, B = 0.6 Kmin™ - after the irradiation aI = 110 K we heated the crystal up to
0E 3 T = 134K, where SH has a life time of 1800 s and glbf
08 E E 160 s. Here, the crystal was kept during five life times of, Sl|
E 5 E (800 s) sothat Spldecayed completely, whereasSlecayed
g 06 E 3 only partially for 0.447which could be precisely detected af-
g 04 E- 3 terwardsin the area of the signal. The resulting signal can then
i3 : : be fitted with a single Arrhenius decay yielding the activation
E E energy and frequency factor in accordance with the results
0.0 ilu P o b b b OO Hlj from the dynamiC measurements giVenTHble 1 NOte that

120 130 140 150

s the area of the state Gl decreased according to its life time,
/l

indicating that no molecules are transferred from statg SlI
Fig. 3. Dynamic decay spectra of the metastable states, detected with thet® Slla. We performgd this third experiment at dlﬁerent te_m'
heating rate8 = 0.6 K/min: (a) Sl and (b) SII. peratures and received always the expected reduction in the
area of the state Sl The same is true for §lespecially the

that not only two but four light-induced long-lived metastable activation energy and frequency factor of the pure stage Sl

states (Si, Sk, Slla and Slp) are detected in the temperature '€ in accordance with the dynamic results givefable 1.
range 180-210 and 130-150K. The isothermal calorimetric and dynamic DSC measure-

Second, we performed dynamic measurements with dif- MeNts show clgarly th.at at I_eas.t four metastable states can be
ferent heating ratgs = 0.2-09 K/minin order to investigate ~ 9enerated by irradiation with light in SNP. The population
the complete temperature range of the deBay. 3shows a  ratios of 4:1 (Sk:Sly) and 5:1 (SI4:Sllp) may explain, why
typical decay of Sl and SlI faf = 0.6 K/min. Due to the ex- they were only detected_ parually in gfew experiments up to
ponential decay in time, we can evaluate the dynamic curves"OW[1,14]. The use of high-quality single crystals of SNP in
as a sum of two Arrhenius decays (E2)), thereby likewise ~ OUr €xperiments ensures that the four states do not result from
obtaining the activation enerdy and the frequency factor dlffgreht §tructural phases or'defe.cts in the material, but are
Z. In addition we receive the total enthalpyHior, whereby an intrinsic property of these Ilght-l_nduced r_netastable states.
AHiot = AHa + AHp is the integrated area of the whole de- This is further confirmed by the third experiment, where we
tected decay composed by parts a and b. It is obvious that forShow that the states Sand Sik can be prepared separately.
every state Sl or SlI there are two decays (a and b), which ThiS selective depopulation of and Slb shows that the

have to be fitted with different temperature maxima and ar- four states are independent. If further metastable states exist
they can be populated only to lower than 0.5 kJ/mol, as this

is the detection limit of the used DSC machine.
Summarizing the obtained thermodynamic data and the
results from Missbauer and absorption spectrosddjgy19]
one can construct a potential scheme in harmonic approxi-
mation. Missbauer spectroscopy yields the proportionality
between enthalpy H, 1, (kJ/mol) and the number of excited
molecules (%).
Therefore the energetic increasad/ (eV) of the meta-

r— stable states with respect to the ground state can be calculated
reaction coordinate q via

i iThees

U (eV)
t

Fig. 4. Harmonic potential scheme for the states G§,84, and the excited _ 1 0
intermediate state ES. The population of the metastable statg&turs AU (eV) “\n (A)) AH(kJ/mOI)

via optical excitation to ES and subsequent relaxation into thg Basin.
The life time of Sk}, is determined byz4 andZ, as given in Table 1. x 1.036x 1072 (eV mol/kJ), 3)
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Table 1

Activation energyE, frequency factoZ, and enthalpiea H, p of the four metastable states;land Sl , with respect to the ground state obtained from dynamic and isothermal measurements

Sllp

Slly

Slp

Sly

E (eV) Z(sh AHy (kJ/mol) E (eV) Z(sh A Hy (kJ/mol) E (eV) Z(sh A Hp (kJ/mol)

A Hj (kJ/mol)

Z(sh

E (eV)

1x 1013
4x 1018

0.41(3)
0.42(3)

1x 10t
6x 104

0.46(3)
0.48(3)

4x 1013
1x 10'3

0.58(3)
The values for the dynamic measurements correspond to mean values from several measurements.

0.56(3)

X 108
Ix 101°

0.69(3)
0.67(3)

Isothermal
Dynamic
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5.9

314

11.0

42.9

yielding AU = 1.0(1) eV for Sk and Slhp. The popula-
tion of Slyp occurs via an excited state ES (antibonding
7*(NO) in the orbital picture), from where the system re-
laxes either into the ground state (GS) or into one of the
metastable statessyJ). The performed experiments show that
about 50% of the molecules relax back into GS, about 40%
into Sl,, and the remaining 10% into SIFor the optical ex-
citation GS— 7 (NO) about 2.5eV are need¢tl9]. Since

Sl and S} have equal energetic positiossl/ but signif-
icantly different activation energies (0.68 and 0.57 eV), the
form of the potential well has to be different. Either the two
states are located at different reaction coordingtesthey
vary in the width of the potential well. As illustratedig. 4
exemplarily for Sl, the activation energy is determined by the
intersection of the parabola of GS with those of &hd Sp,.
Assuming that the harmonic potentials o &hd S} have

the same width, and therefore the same force constants, the
minima are located at different positiogig gp. This implies

that in the potential surface of the metastable states two min-
ima occur, indicating two different structural configurations
for each of the states Sl and SlI, which could not be detected
so far[20,15]. On the other hand, also the force constants of
the states Sland Sj could differ, which can be detected in
vibrational spectroscopy. Indeed infrared spectra exhibit ad-
ditional weak lines in the range of thed® stretch vibration at
1836 cn1!, which were then assigned to isotopes of N and O
[21,22]. Different force constants of S&nd Sh, reflected in

a different width of the potential wells, are supported by the
frequency factors obtained from the calorimetric measure-
ments, whereZ(Sl,) is one order of magnitude larger than
Z(Sly) (seeTable 1), yielding a narrower harmonic potential
well for Sl,, as depicted ifrig. 4. Optical depopulation of the
states Sy, is possible with light of about 1.6 eM 9], again
exciting into thew*(NO) orbital, from where a relaxation
into GS or Sll occurs. The same considerations as discussed
above hold for the states §Y for which a similar potential
picture can be drawn.

While a decay of §Jinto Sl; can be excluded from our
measurements (third experiment), the decay gfi®b Sl,
is generally possible, though during the DSC measurements
the state S obtained in this manner would immediately de-
cay into the GS. The detection of such a two-step decay re-
quires time-resolved measurements. Such experiments using
a pulsed light-source for the generation of the metastable
states are under way. The same considerations hold for the
decay of Sl and SlI. From our measurements we can exclude
a decay of Sl into S, while SI may decay back into the GS
via SllI.

The existence of four independent metastable states re-
quires the re-analysis and re-investigation of all experimental
data on the metastable states obtained with various methods
up to now, to decide whether they are compatible with this
finding or not, after the population ratios of 4:1 {Sl,) and
5:1 (Slly:Sllp) have been taken into account. Especially the
geometrical interpretation of the metastable states as linkage
isomersisonitrosylFe-ON for Sl and a 90 side-onconfig-
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