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Macrocyclic complexes of the type trans-[Cr(N4)(CN),]*, where Ny = cyclam, 1,11-Cs-cyclam, and 1,4-Cp-cyclam
demonstrate significant variation in their room-temperature excited-state behavior; namely, the lifetimes of the 2E
(On) excited states are 335, 23, and 0.24 us, respectively. The lifetimes of these complexes have been measured
in acidified H,O/dimethyl sulfoxide over the temperature range between —30 and +95 °C. Arrhenius activation
parameters were calculated from these data. There was very little variation in the values of the Arrhenius
preexponential factor between these three complexes, whereas the value of E, is 40.6 kJ/mol for the cyclam
complex, 35.5 kJ/mol for the 1,11-Cs-cyclam complex, and 22.3 kJ/mol for the 1,4-C,-cyclam complex. Thus,
differences in the room-temperature excited-state lifetimes can be rationalized based on the competition between
thermally independent nonradiative relaxation and a thermally activated channel. To test whether a photodissociation
mechanism involving Cr—macrocyclic N bond cleavage is a plausible explanation for the thermally activated relaxation
pathway, samples of the cyclam complex were photolyzed in acidified D,O. A marked increase in the lifetime after
photolysis demonstrated the occurrence of photodeuteration and thus a likely photodissociation of a macrocyclic N.

Introduction activation energies of 2560 kJ/mol~* Endicott has sum-
marized possibilities for the temperature-dependent deactiva-

The lowest-energ§E, (Or) excited states of many chro- tion pathways foPEy chromium(lll) excited states (pathways

mium(lll) complexes in fluid solution exhibit two regimes b—d in Figure 186
with respect to their relaxation rates, namely, a strongly We have receﬁtly been studying a sett@ins dicyano-
temperature-dependent (high-temperature) region and a

. chromium(ll) complexes of topologically constrained tetra-
weakly temperature-dependent (low-temperature) redjithe. T~ N
An operationally useful formalism discussed for chro- azamacrocycles, namelyans{Cr(1,11-G-cyclam)(CN)]

-G + (Ej i
mium(lll) complexes expresses the observed excited-stateandtrans[cr(l’4 Creyclam)(CNY™ (Figure 2), to determine

decay rate constark,s, as the sum of temperature-dependent the effect that the additional strap has on the overall
y bs P P chemistry and photophysics relative to the cyclam compfex.
and -independent components (eqt’1Yhe strongly tem-
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Ty tion studies, which provide support for the hypothesis that
thermal deactivation may be due to-@nacrocyclic N bond
dissociation.

Experimental Section

Materials and Methods. Reagent-grade dimethyl sulfoxide
(DMSO), D,O, and HCI(aq) were used without further purification.
The complexefrans[Cr(1,4-G-cyclam)(CN)]PFs,” trans[Cr(1,11-
Cs-cyclam)(CNY]PFs,2 and trans[Cr(cyclam)(CN}]CIO,® were
prepared according to literature procedures. All measurements were
performed under an air atmosphere. Y¥s absorption spectra

) were recorded using an HP-8452 spectrophotometer. Emission
Intermediate . . . . .
products lifetimes were measured using as the excitation source a Photon
Technology International (PTI) GL-3300 pulsed-nitrogen laser fed
into a PTI GL-302 dye laser. The dye laser was operated at 440
nm, corresponding téA,; — “Tog (Or) excitation of thetrans
[Cr(N4)(CN),]* complexes. A TLC 50 temperature-controlled
fluorescence cuvette holder from Quantum Northwest housed the
Figure 1. Qualitative potential energy well diagram for chromium(lll) sample, and emission W‘?‘S momtored at right angles through a
complexes. Radiationles¥, deactivation pathways include (a) direct ~COring CS 2-64 cutoff filter using a Hamamatsu R928 photo-
deactivation to the ground state, (b) back intersystem crossing, (c) direct multiplier tube. The signal from the photomultiplier was fed into a
doublet reactivity, or (d) crossing to an intermediate in a ground-state | eCroy 9350A digital oscilloscope and stored for further analysis.
electronic configuration. Exponential fits typically exceeded= 0.9999.

Differences in thermal reactivity, U¥vis absorption spectra, Photodeuteration StudiesExtended photolyses were performed
on absorbance-matched solutiond (mM) in a 1-cm glass emission

nd low-temperature ph hysi n xplain n th ) . .
gagisoof ts?eri‘z: ea?tlljjriepntgtosp n{fn(;?rcilr buemE:anF;:l a(:l?d zifftefcell using a Rayonet photochemical reactor (RPR-100) operating
. 9 » Symmetry arg ’ at 350 nm, corresponding té\,q — 4T14 (Oy) excitation oftrans:
ences in the number of NH oscillators in the molecule.

. . . [Cr(Ng)(CN),]*. The photon flux on a 3-mL sample was measured
However, differences in the room-temperature photobehavior 55 5. 116 photons/s using potassium ferrioxalate actinométry.

of these complexes have eluded explanation. For example For temperature control, the cuvette was placed in a water bath on
the 1,11-G-cyclam and 1,4-gcyclam complexes have  a small hot plate placed into the photochemical reactor.
room-temperaturég, excited-state lifetimes that are-B _ _

orders of magnitude lower, respectively, than the corre- Results and Discussion

sponding cyclam compleié In addition, although the Temperature Dependence of the Excited-State Life-
excited-state lifetime of the cyclam complex is nearly times. Significant differences in room-temperature excited-
temperature-independent at room temperattine, lifetimes  state lifetimes between complexes have been related to
for the complexes of the topologically constrained ligands thermally activated behavior. Thus, factors that influence the
are strongly temperature-dependent near room temperatur¢oom-temperature lifetimes include the activation barrier, the
in an acidified aqueous solution and the Arrhenius plots are Arrhenius preexponential factor, and the temperature at which
linear® We have attempted to elucidate the cause of thesehe transition occurs from the weakly temperature-dependent
differences’ As is typically the case for cyanoam(m)ines, regime to the thermally activated regirhés To determine

back intersystem crossing (Figure 1b) as the mechanism forihe role of such factors for the complexes shown in Figure
the thermally activated relaxation is inconsistent with our 2 e have performed an investigation of thg, — %Ay,

experimental resulsProductive photoreaction has also been (On) emission lifetimes of these complexes over the tem-

ruled out. Several nonproductive photoreactions have alsoperature range of-31 to+95 °C (the operational range of
been investigated: Molecular mechanics studies suggest thapr thermostated cuvette holder). A broad temperature range
neither solvent association nor symmetry-destroying molec- has been chosen so as to alleviate some concerns about the
ular “twists” are likely causes for the temperature-dependent rejiapility of thermal activation parameters obtained from
regime. However, one possibility that wast excluded in  statistical fits of the dat& We have chosen a 1:1 DMSO/
these investigations was macrocyclic amine dissociation 4,0 solvent system for two reasons, namely, (1) a large
followed by rapid recoordinatiohIn an attempt to more jiquid operational range and (2) straightforward comparison
thoroughly understand the temperature-dependent behavioryith 77 K data typically performed in a DMSO#B glass.

we have performed a thorough investigation of the temper- The solutions were also made 0.01 M in HCI (using
ature dependence of the emission lifetimes of the complexesconcentrated HCI) to avoid the known base-quenching
shown in Figure 2, employing a much broader temperature mechanism for the cyclam complé&lt is also worth noting

range than that in prior studiésThe results of these  that there are at most only moderate differences in the room-
investigations are reported herein, along with photodeutera-
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Acta 1983 76, L123-L125. (b) Kane-Maguire, N. A. P.; Crippen, 1976 80, 2434-2435. (c) Kirk, A. D.; Namasivayam, @nal. Chem.
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Figure 2. trans[Cr(N4)(CN);]* complexes discussed in this paper.
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Figure 3. Temperature dependence of thgy excited-state lifetimes of
trans[Cr(cyclam)(CN}]* (®), trans[Cr(1,11-G-cyclam)(CN}] " (a), and
trans[Cr(1,4-G-cyclam)(CN}] ™ (m) in 1:1 DMSO/H0 (0.01 M HCI).

temperature lifetimes of the complexes in acidifiedOH
versus acidified DMSO, i.e., no significant difference for
the cyclam complex; 23 vs 58, respectively, for the 1,11-
Cs-cyclam complex; and 0.24 vs 0.3, respectively, for
the 1,4-G-cyclam complex. In the DMSOA® solvent

[C1(1,4-C5-cyclam)(CN),]PFq

[Cr(1,11-C5-cyclam)(CN),]PFg

Table 1. Arrhenius Parameters for Thermally Activatél Relaxation
of trans[Cr(N4)(CN);]" and Room-Temperature (RT) Lifetimes for
These Complexes

complex Ea(kd/mol)  A(s™h Ty (°C)  RT lifetime (us)
cyclam 40.6 9% 10° 307 335
1,11-G-cyclam 355 5.0« 1010  —28° 23
1,4-G-cyclam 22.3 3.4¢ 1010 —110 0.24

aDetermined from Figure 3 Determined from the temperature at which
the y value of the Arrhenius plot equals ki (k° is assumed to be the
inverse of the 77 K lifetimet77 « = 535us for 1,11-G-cyclam and 322s
for 1,4-G-cyclam).¢ From ref 9.9 From ref 8.

three-parameter fitA, E, andk®) for the cyclam complex
agree well with linear plots obtained by plotting knt k°)
vs T-112 Alternatively, the data could be fit by the procedure
adopted by Endicott in which the temperature dependence
of the Arrhenius preexponential factor is considetéaulight
of the excellent fit of our data to eq 2 (see the Supporting
Information), this alternative treatment is unlikely to sig-
nificantly alter the values of the Arrhenius parameters and
therefore is unlikely to significantly affect the conclusions
hereints

Arrhenius parameters from the Arrhenius plots for the 1,4-

mixture, the room-temperature lifetimes are intermediate ¢, cyclam and 1,11-gcyclam complexes and from the
between the values given above. The temperature dependencgee-parameter fit of eq 2 for the cyclam complex are

is summarized as an Arrhenius plot in Figure 3.

summarized in Table 1. ThE, values agree closely with

It is noteworthy that the thermal relaxation data for the the |iterature values obtained from measurements in an
cyclam complex is fully in the temperature-independent gcigified aqueous solution for the cyclam complerd the

regime at the lower temperatures measured 10 °C). The
data for the 1,11-¢cyclam complex, on the other hand, are

topologically constrained complex&sihe transition tem-
perature Ty, from the thermally independent regime to the

just beginning to show curvature indicative of its transition thermally activated regime can be determined either directly

into the low-temperature regime; i.e., at31 °C, the
measured lifetime is 358s, whereas its 77 K lifetime has
been reported to be 53428 Finally, the data for the 1,4-

from Figure 3 or from an extrapolation of the Arrhenius plot.
The importance ofy, in governing room-temperature excited-
state lifetimes has been discus§ethese values are also

Cz-cyclam complex are linear over the entire region mea- collected in Table 1, along with the room-temperature

sured. Higher temperatures for the 1,4€yclam complex

lifetimes for each complex for the sake of discussion.

are omitted because of evidence of some thermal decomposi- The relatively close agreement of the Arrhenius preexpo-

tion and decreasing signal-to-noise ratios at the lower nengia| factors among this set of complexes indicates that it
lifetimes. Activation energies and Arrhenius preexponential is the activation barriers that dominate the transition tem-

factors can be determined from Arrhenius plots for the 1,4- perature and thus the room-temperature behavior. Conse-

C,-cyclam complexi? = 0.9993) and for the 1,11-&yclam
complex in its linear range (3670 °C; r? = 0.9997). For

qguently, the difference in transition temperatures is best

the cyclam complex, on the other hand, the linear region is (12) The data for the cyclam complex were also fit by constructing an

never reached. Therefore, the observed lifetime data (

1/k) were fitt! to eq 2, as has been done by Allsopp et al.

for a series of chromium(lll) complexésvalues from the

k=k° + Ae =T )

(11) Fitting was performed usindGOR Prq version 5.02; WaveMetrics,
Inc.: Lake Oswego, OR, 2004.

Arrhenius plot by assuming that the30 °C datum represents and
plotting In(k — k°) vs 1/T. A plot using the eight data points from 30
to 95°C yielded a straight linerf = 0.9999). Arrhenius parameters
obtained using this method wekg = 41.3 kJ/mol andA = 1.1 x
109, in good agreement with the three-parameter fit.

(13) In ref 4, the thermal relaxation data are fit to the equakipr= k° +
C(keT*) 2 exp(—EJksT*), where ks T* = Yohwaye COthOiwavd 2ksT)
andC is a collection of constants. Using the value of 440 érfor
hwavegiven in ref 4 for the cyclam complex, the preexponential factor
would vary by only about 3% over the temperature range considered
for that complex herein.
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Figure 4. Possible mechanism for macrocycliciM deuteration in an acidified solution.
Table 2. Change of Room-Temperature Lifetimess) of trans-[Cr(cyclam)(CN}]* Samples upon Various Conditichs
upon 75°C, 3 h ofphotolysis in upon 75°C, 3 h in thedark in upon 33°C, 3 h ofphotolysis in upon 75°C, 3 h ofphotolysis in
acidified (0.01 M HCI) DO acidified (0.01 M HCI) DO acidified (0.01 M HCI) DO acidified (0.01 M HCI) HO
389 to 972 390 to 489 37810 448 374 t0 298

a|rradiation at 350 nmP There is a slight solvent deuterium isotope effect on the lifetime.

explained in terms of a competition between direct deactiva- rocyclic ring. The vibrational modes implicated in his
tion (pathway a in Figure 1) and the thermally activated investigation are consistent with €N skeletal vibrationg.
pathways (b-d in Figure 1). As expected in this circum- One test for the macrocyclic N dissociation mechanism
stance, the complex with the lowest activation barrier for involves analyzing for macrocyclic NH deuteration upon
thermally activated relaxation (1,4-C€yclam) is able to  photolysis of the complexes in acidifiedO. In an acidified
access this deactivation channel at a lower temperature sasolution, the only possible mechanism for-N deuteration
that at room temperature it has the shortest room-temperaturénvolves protonation of a lone pair on a dissociated N (Figure
excited-state lifetime. The complex with the highest activa- 4). Thus, photodeuteration would offer compelling evidence
tion barrier (cyclam) can only access this relaxation channel for the photodissociation of a macrocyclic N. Deuteration
at higher temperatures and thus has the longest room-of trans[Cr(cyclam)(CN})]* is easily detectable because of
temperature excited-state lifetime. We therefore come to thethe large deuterium isotope effect on its excited-state lifetime;
conclusion that the excited-state decay pathways for the namely, the room-temperature lifetime in an acidified aque-
topologically constrained complexes may not intrinsically ous solution is 33%s for trans[Cr(cyclam)(CN)]* and 1600
be different from those of the parent cyclam complex. Itis us for trans[Cr(cyclamd,)(CN),]*.° If photodeuteration
entirely possible that the thermal deactivation processes mayoccurs in an acidified BD solution, then this should be
be very similar for each, just with a different barrier height. evident by an increased lifetime. Table 2 summarizes our
Investigations into the Mechanism of Thermally Acti- experiments.
vated Relaxation.As mentioned in the Introduction, we have Upon photolysis in BO for 3 h at 75°C, there is an
previously investigated possible mechanisms for this ther- increase in the lifetime from 389 to 97%. The UV-vis
mally activated relaxation pathway and determined that back spectrum also showed evidence of some decomposition of
intersystem crossing, productive photoreaction, solvent as-the complex under these conditions. As a control, an
sociation, and certain skeletal vibrations that are important absorbance-matched sample inCDwas kept at the same
in other systems are unlikely reasons for the differences in temperature in the dark f@ h and its lifetime increased to
lifetimes observed hereln that paper, the only mechanism only 489us. Though this indicates some degree of thermal
that was not ruled out was the photodissociation of a macro- deuteration, the presence of a photodeuteration component
cyclic N—Cr bond followed by rapid recoordination. The is clearly evident. In addition, a similar photolysis experiment
feasibility of this mechanism is supported by the fact that was performed at 35C, and the lifetime increased to only
nonmacrocyclictrans[Cr(N4)(CN);]© complexes undergo 448 us. By comparison with the 78C experiment, this
substantial loss of the amine ligands upon photol¥fsis. indicates that the photodeuteration process is thermally
In fact, this in-plane amine ligand loss is the predominant activated. Finally, as shown in the final entry of Table 2, a
pathway for the photodecomposition of these complexes. If sample was photolyzed at 7& in acidified HO instead of
such N labilization occurs with the macrocyclic ligands, the D,O in order to isolate the effect of decomposition on the
most likely result would be rapid recoordination due to the lifetime. In that case, the lifetime decreased from 374 to 298
macrocyclic effect. However, if this does occur, it could be s, demonstrating that decomposition products from pho-
a relaxation pathway for the excited state. Ligand dissociation tolysis quench the excited state. Such quenching by photo-
return was hypothesized as a possible mechanism by Allsoppproducts is not unprecedentednd indicates that the lifetime
et al® in their investigations of a number of chromium(lll) increase observed in column 1 would likely be even larger
complexes. In addition, Endicott’s investigations into the in the absence of this photodecomposition.
thermal behavior ofrans-[Cr(cyclam)(CN}]* in an aqueous Ideally, the activation barrier for photodeuteration of the
solution suggested that the thermally activated relaxation cyclam complex could be calculated from the above data
mechanism involved high-energy deformations of the mac- and compared to the activation barrier for relaxation. There
are two impediments to this treatment. First, there is rapid

(1‘51) E!rllz, 2- B.; Eorter, 53- Eé-lanrgu- Chemc-lh980 11§é ;%51—%22661 energy-transfer self-exchange between deuterated and un-
Ik, A. D.; Fernando, S>. R. Unorg. em. , . .

§1e§ Kirk, A. D.; Fernando, S. R. Unorgg. Chem1994 33, 4041-4047. deuteratedtrans{Cr(cyclam)(CN)]*. This accounts for

(17) Zinato, E.Coord. Chem. Re 1994 129, 195-245. lifetime traces exhibiting single-exponential behavior but also
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results in a nonlinear relationship between the lifetime and cannot be ruled out: (1) The complaloes notundergo
percent deuteratiolf. Though it would be possible to  macrocyclic N dissociation upon photolysis, and thus this
mathematically treat this behavior, such a model would cannot be the mechanism for the temperature-dependent
require knowledge of the lifetimes of mono-, di-, and tri- deactivation. (2) This complex undergoes macrocyclic N
N-deuterio complexes in addition to the already known per- dissociation but closes more rapidly than the corresponding
N-protio and per-N-deuterio complexes. Second, because theeyclam complex.
observed decomposition results in photoquenching of the
lifetime, it is impossible to extract the increase in magnitude
of the lifetime due only to photodeuteration. Though the room-temperatufg, excited-state lifetimes
Nonetheless, the present photodeuteration results offerOf the complexes discussed herein vary by over 3 orders of
strong evidence for macrocyclic N photodissociation for the Magnitude, this may not indicate significantly different
cyclam complex, in agreement with the aforementioned mechanisms for excited-state deactivation. Temperature-
mechanism proposed by Allsopp efaind with Endicott’s er.endent stud|e§ demonstr{;\te that the room-temperature
data implicating involvement of a G¢N stretch in thermally ~ lifetimes can be simply explained by the difference in the
activated relaxation. If this is also the dominant mechanism activation barriers for thermally activated relaxation and the
for thermally activated relaxation of ti€, excited state, it ~ 'esulting effect orT,. Experimental evidence reported herein
might explain why the activation barrier is higher for the SUggests a possible role for photodissociation of a macro-
cyclam complex than for the corresponding topologically cyclic N in thermally a<_:t|vated relaxation and is thus in
constrained complexes in Figure 2. Poorer overlap between2dreement with implications by Allsopp et’nd Endicott
the Cr d orbitals and the topologically constrained ligands etal?
versus cyclam has been demonstrated by both X-ray crystal- Acknowledgment. M.T.V. thanks the Arnold and Mabel
lography and UV-vis spectroscopy; i.e., the cyclam complex Beckman Foundation for support through the Beckman
is the closest to octahedral geometry, and the E:4yClam Scholars Program. P.S.W. acknowledges support from the
complex has the greatest degree of distorfidhis distortion Henry Dreyfus TeacherScholar Awards Program.

::ady, n tgr?, wgaken thfe e:'\l fb ontt:]s S0 thatdm?c:ogychc Note Added in Proof: To test the possibility that the
ISSoclation IS more faciie for the more distorted com- ,qarved photodeuteration might be due te-HN de-

plexes. _ _ . protonation out of the excited state, we attempted the
The same photodeuteration experiment wins{Cr(1,11-  pnotodeuteration experiment at both 0.01 and 0.002 M acid
Ce-cyclam)(CN)] ", which would presumably undergo photo-  ¢oncentration. A lower lifetime for the less acidic solution
deuteration at lower temperatures because of the |°Werfollowing photolysis would be in agreement with the
activation barrier, is thus of significant interest. Though this ,achanism suggested in Figure 4, with protonation being

complex shows no room-temperature deuterium isotope rate |imiting. No difference in the lifetimes between the two

effect, it does have a significant isotope effect at lower gamples would also be consistent with our mechanism and
temperature$.For example, at-27 °C, in acidified (0.01  \yoy|d imply that C+-N bond dissociation is rate limiting.

M HCI) 1:1 D,O/DMSO, the lifetime oftrans[Cr(1,11-G- After 3 h of photolysis, there was no significant difference
cyclamd,)(CN)|" is 531us, compared with 338s for the in the lifetimes between the two samples; i.e., both samples
protio species. Thus, the experimental procedure involved shoed increases in agreement with the data in Table 2. As
photolysis at 35C under the same conditions as those for expected, slightly more acid hydroly&ss observed in the
photodeuteration of the cyclam complex (acidifiegd. To 0.01 M acid solution, and this may have artificially sup-

monitor if photodeuteration was occurring, the sample was pregsed its lifetime relative to the 0.002 M acid solution.
then diluted 1:1 with DMSO and the lifetime measured at Though this experiment is not conclusive, we favor the

—27 °C. In this case, there was no evidence for photo- nechanism presented herein. In part, this is becausiEghe
deuteration; i.e., we observed no increase in the lifetime after oyited state has the same orbital occupation as‘Ahg
photolys.is%9 A likely explanation for this lack of photp- ground state, and thus a decrease of tigqf the excited
deuteration is that the compledoesundergo macrocyclic  giate relative to the ground state is not expected.

N dissociation upon photolysis but preferentially at the

tertiary nitrogens. However, two alternate explanations

Conclusions

Supporting Information Available: Tables of lifetime vs
temperature in acidified DMSOA@ for the three complexes studied

n figure of the three-parameter fit of th fiem
(18) Wagenknecht, P. S.; Kane-Maguire, N. A. P.; Speece, D. G.; Helwic, and a figure o i € t. ee-pa .a .ete .t of the data s .
N. Inorg. Chem2002 41, 1229-1235. [Cr(cyclam)(CN}]*. This material is available free of charge via

(19) Though some photodecomposition was observed by-\¥ as in the Internet at http://pubs.acs.org.
the case for the cyclam complex, no significant excited-state quenching
by the photoproducts was detected in a control photolysis done in 1C0521700
H20O instead of DO. We attribute this to performing the lifetime
measurements at27 °C, where bimolecular quenching is likely (20) Heatherington, A.; Oon, S. M.; Vargas, R.; Kane-Maguire, N. A. P.
slower. Inorg. Chim. Actal98Q 44, L279-1282.
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