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The dynamics of the cyclic trimer of methylphenyl-substituted siloxane (1,3,5-triphenyl-1,3,5-trimethyl-
cyclotrisiloxane; CMPS3) in dilute methylcyclohexane solution was probed with picosecond time-resolved
and steady-state fluorescence in a wide range of temperatures (200@®°C) from the high-temperature

limit to the low-temperature limit. The crossover between these two regimes is found ar801€. Monomer

and excimer decays are triexponential, with one of the three components coming from the monomer that is
unable to form excimer with its neighboring chromophores (the lone phenyl ring in the trans isomer of CMPS3).
A kinetic mechanism is developed that takes into account preformed dimers, lone monomers, and also energy
transfer from these lone monomers to excimer-forming ones. With such a mechanism, the rate constants for
excimer formation K;) and excimer dissociatiork{), as well as the corresponding activation energies

(Ea Eg), are obtained from the decays. The rate constants are kigh 3.7 x 10° s’ at 20°C) and the
activation energies are lovie{ = 2.2 kcal mot?) compared with €-C molecules; however, their values for

this small cycle are very similar to those for long linear chains of poly(methylphenylsiloxane). Thus, although
the cycle is somewhat strained and has a greater fraction of isolated monomers and a smaller fraction of
preformed dimers than the linear polymer, the main factor that determines excimer kinetics in both types of
structures is their common conformational flexibility of the siloxane backbone. The kinetic mechanism
developed succeeds in giving a fraction of photophysically hindered monom@r23) in total agreement

with the fraction of trans phenyl rings (0.23 determined frdffNMR) and also in giving a rate constant for
excited monomer energy transfer independent of temperature.

Introduction CHART 1: Structures of the Isomers (Cis and Trans) of

the Cyclic Trimer CMPSS3, the Model Dimer DS, and the
Siloxanes are well-known materials with application in many Model Monomer MS
different fields. Their conformational and dynamic properties HsCQ ocH
have been recently reviewédCyclizatior? is an important NS \ — \ /
characteristic of polysiloxanes that has been theoretically and s
C CHs

experimentally measured by the cyclization equilibrium constant

Experimental resulfsagree with calculated values (with a @ @
modified Monte Carlo method} for intermediate and large

cycles, but theoretical predictions fail for the smallest cycles 2y MS

as cyclic trisiloxanes. These shortest cycles require particular

sequences of mutually interdependent rotational angles that have @

negligible probability in the rotational isomeric states (RIS)

model employed in MC calculations. In fact, the RIS model ctis

has been questioned for polysiloxartesWith these confor- CO\,gi CH Hsco\\/gi ~CHs
mational peculiarities it may be of special interest to determine \S' S SeH,
dynamic magnitudes of cyclic trisiloxanes as (1,3,5-triphenyl-

1,3,5-trimethyl-cyclotrisiloxane; CMPS3). This cyclic trimer is

very much used as monomer to obtain the polymer by ring-

opening polymerization. It has two isomers: cis and trans (Chart ©) cis-CMPS3 o) trans-CMPS3
1)2

Time-resolved fluorescence has been demonstrated to be
 Instituto de Tecnologia Qmica e Biolgica useful in determining through direct measurements the rate
* Instituto Superior Tenico. ' constant of polymer segm_ental motionsf occu_rring in the
8 Universidad a Distancia. nanosecond to picosecond time raddgguch is the time range
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Figure 1. H NMR spectra of DS phenyl groups (a), methyl groups (b), CMPS3 phenyl groups (c), and methyl groups (d) in deuterated methyl
cyclohexane at 300 K. The numeric labels are relative integrals.

for segmental motions of polysiloxanes in dilute nonviscous Experimental Section

solution. However, the fluorescence decays of linear polymer . ) .
chains of poly(methylphenylsiloxane) (PMPS) are very complex P henylmethyldimethoxysilane (MS), 1,3-diphenyltetrameth-
yldisiloxane (DS), and 1,3,5-triphenyl-1,3,5-trimethylcyclotri-

(sums of at least three exponentiddhe physical meaning of X ¥
an intermediate time was attributed to the existence of monomersSiloxane (CMPS3) (Chart 1) were purchased from Petrarch

that stay isolated, that is, monomers that are unable to reachand were purified by HPLC (Merck-Hitachi, Merck-RP18
the excimer-forming conformation within the lifetime of the ~column, solvent 70:30% THFA®, temperature 40C, flow
excited chromophor&? The origin of such isolation of mono- ~ 'at€ 0.7 mL/min). The commercial sample of CMPS3 was found
mers in a linear chain is uncertain, but there are possible 0 P€ in fact a mixture of several cyclic compounds (17% of
interpretations. One possible explanation is that groups of CMPS3, retention time (6= 7.28 min; ,24'6% of CMPS4, rt
interacting chromophores in both sides of a phenyl group may — 8.55 min; z_so/&of CMPSS R 9.55 min; 17.7% of CMPSE,
“isolate it". This is plausible because excimer formation with 't = 10.67 min);* as identified by mass spectrometry (Kratos
such monomer implies either the separation of one of the MS 25 RE). Methylcyclohexane (MCH) from BDH (laboratory

interacting neighbors or the rotation of a more or less large "€29ent) was purified as previously described. o
portion of the chain as a whole. The separation of one of the Solutions of absorbance less than 0.5 at the excitation
interacting neighbors should be hindered because the interactioyvavelenth (260 nm) were degassed by the frequemp-thaw
between adjacent phenyl groups in the siloxane chains istechnlque_ (six cycles at 16 Torr) and seale_d. Solutions of the
attractive, about-3 kcal mof? at the distance typical of the ~monomeric model (MS) were prepared with exactly the same
excimer-forming conformatiot? absorbance at the excitation wavelength (the monomeric model
The consequences for the fluorescence decays of the presenc @ monochromophoric compound that enjoys photophysical
of isolated monomers, which are hindered to form excimer, can Properties identical to those of the monomer but cannot form
be analyzed using the cycle CMPS3. In CMPS3, the bonding excimers):®
of the cycle puts one of the phenyls out of the possibility of ~ Steady-state fluorescence measurements were performed with
reaching the excimer conformation with its neighbors. This a Spex Fluorolog F212I.
happens with the “isolated” phenyl in the trans isomer. So the  The fluorescence decays of the same solutions employed in
cycle is an ideal system to test the hypothesis of the third time steady-state mesurements, were measured, as a function of
coming from isolated monomers because in CMPS3 we know temperature, by the time-correlated single photon counting
a priori (experimentally, as described'td NMR Spectra section  technique (SPC), as described bef&r& An Art-pumped
of Results) which fraction of monomers are unable to form frequency-tripled Ti:sapphire picosecond laser system (Spectra
excimers: ~0.23. Physics Inc.) was the excitation sourég«& 260 nm, repetition
The photophysics of CMPS3 has been previously studied by rate 827 kHz). Alternate collection of pulse and sample was
us but using steady-state fluorescence ahhi. performed (18 counts at the maximum per cycle) until .0
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Figure 2. Fluorescence spectra of CMPS3 (MCH solution) at several of configurations (25, 50, 25%) is assumed.
temperatures. Steady-State FluorescenceThe fluorescence spectra of

] ) CMPS3 were measured in MCH at several temperatures in the
counts at the maximum were acquired. The ﬂuqrescence decaygange 20 to-100°C. Within this temperature range, two bands,
were deconvoluted in a Micro Vax 3100, using an updated typical of monomer (280 nm) and excimer (330 nm) emissions,
version of George Striker's prograthwhich allows for single  can be seen (Figure 2). The monomer fluorescence intensity
and global analysis and automatic shift correction. increases from 20 to-100 °C, while that of the excimer

'H NMR spectra of CMPS3 (5. 10*M), DS (7.7x 1074 increases from 20 te-60 °C and then decreases with further
M), and MS (1.5x 1073 M), in deuterated methylcyclohexane  decreasing temperature. The overall temperature dependence is
(99.5% deuteration, Cambridge Isotope Laboratories Inc.), at shown in Figure 3, in the form of StevenBan plots. Herely
300 K were obtained with a Bruker AMX-300 spectrometer. s the monomer peak intensitl, is the excimer band intensity,
The solvent peaks were used to calibrate the chemical shifts.| s the emission intensity of the monomeric model compound

MS, and, is its fluorescence lifetimé& Iy andl, are measured
Results at 275 nm|Jg is measured at 330 nm on the spectra of CMPS3,
1H NMR Spectra. TheIH NMR spectra of MS and DS are after subtracting the spectra of MS obtained under the same

similar, both presenting one singlet for the methyl protons conditions and normalized at 280 nm.
(around 0.3 ppm) and two singlets for the phenyl protons The plot in Figure 3 shows the expected bell-shaped
(around 7.3 and 7.5 ppm). Also, three signals appear for CMPS3dependence, with positive slope, corresponding to the HTL
(Figure 1), but now they are triplets: (0.335, 0.402, 0.497); region, a maximum, and then a change to negative slope, typical
(7.10, 7.20, 7.33); (7.39, 7.51, 7.67) (ppm). The integrals of Of the LTL. The intersection of the LTL and HTL linear
these three triplets are proportional to 3, 3, 2, respectively (3 €xtrapolations defines the temperature for the crossover between
methyl, 3+ 2 phenyl). The triplet form can be attributed to the both regimes as-30°C (somewhat below the previous estimate
existence of three different neighborhoods for the methyl (Me) Of =20 °C).*?
phenyl (Ph) protons in CMPS3 (MéMe; Me—Ph= Ph—Me; The activation energy of excimer formatioks) could be
Ph—Ph). The best resolved triplet is that of the methyl group. calculated from the LTL slope in Figure 3 type plots, provided
The peak at 0.497 ppm is assigned to the cis isomer (Chart 1c)that the Birks scheme would apply. We will see that this is not
and the remaining two peaks to the trans isomer: 0. 335 ppmthe case for CMPS3.
to the methyl group that is trans with respect to the other two  Time-Resolved FluorescenceBoth monomer and excimer
groups, and 0.402 ppm to these other groups (Chart 1d). fluorescence decays of CMPS3 in MCH can only be fitted with
CMPS3 has a total of eight different configurations possible, sums of three exponentials (Figure 4). Global analysis of these
two of which are cis and six of which are trans. The relative decays (imposing common decay times for monomer and
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Figure 4. Fluorescence decays of CMPS3 (monomer and excimer) in
MCH at (a) 20°C and (b)—80 °C and results from global analysis
with decay times 1), amplitudes Avi, As), and fitting parameters
(autocorrelation function, A.C.; weighted residuals, W.R.; ghehlues)
listed.

excimer) still gives excellent fits when three exponentials are

used. Examples of such decays at two temperatures (20 an

—80°C) are shown in Figure 4z @re the common decay times,
An and Ag the respective monomer and excimer amplitudes,
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Figure 5. Fluorescence decays of DS (monomer and excimer) in MCH
at 20°C and results from global analysis (as in Figure 4).

times are in the nanosecond range (respectively,~13983 and
9.5-15.8 ns, from 20 tc-80 °C).

This pattern can be compared to that of the dimer DS, whose
decays (also at 20C) are shown in Figure 5. In the dimer,
only two times are detected and triexponential functions do not
improve the statistical standard functions of the fit: distribution
of the residuals, autocorrelation function of the residuals, and
%2 value. The two DS fluorescence decay times are similar to
the short one and the long one of CMPS3, the intermediate time
being nonexistent here.

Discussion

Triple exponential decays usually mean three kinetically
coupled species. In this case, one monomer, one excimer, and
a third species. Figure 6 shows the temperature dependence of
the three reciprocal decay times and respective amplitudes in
the monomer and excimer decays of CMPS3 in MCH. First,
note that the temperature dependence of the shgrnd long,

A1, reciprocal decay times and their amplitudes are typical of
Birks’ monomer-excimer Kinetics: 13 and A, decrease with
lowering temperature, and at the lowest temperatures, the slow
process with the long time has almost disappeared in the
monomer (i.e.Av1 ~ 0) because at this low temperature, the
excimer back-dissociation to monomer is frozen.

Also, note that the contribution of the intermediate time in
the monomer decaysA(;2) is large at all temperatures and
increaseswith lowering temperature. Thus, its origin is clearly

monomeric species, and that can only be the “isolated” phenyl
n the trans isomer. The temperature dependence of the
intermediate reciprocal decay tim&, is qualitatively similar
to that of .71, but there is no quantitative coincidende;is

andy? the chi-squared value of the fit). The three times can be |arger tharr,* in the whole range of temperatures studied here,
appreciated visually in the monomer curve, where there is first and thus, that component may not be ascribed to strictly isolated

a very fast decay, followed by a slower one, and finally a long,
slow tail. The short time is in the picosecond range-{604
ps from 20 to—80 °C), while the intermediate and the long

chromophores unable to interact with the others, as in copoly-
mers with very low content of methylphenylsiloxatfeThe
isolated excited monomers must participate in the kinetics of
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Figure 6. Global fit parameters of the fluorescence decays of CMPS3 in MCH as a function of temperature: (a, b) reciprocal deday(¢)mes
monomer amplitudedy;, and (d) excimer amplitude&s;. The lines are theoretical curves calculated with the parameters obtained from the kinetic
model.

excimer formation, and that can only be via energy transfer to  On the other hand, the sums of the noncorrected amplitudes
the excimer-forming monomers. at wavelengths longer than 330 nm become slightly less positive
In Figure 6d, we can also see that the sum of the two negative but never approach zero, which may indi¢atee existence of
amplitudes of the excimer decay does not compensate theground-state preformed dimers that give excimers by direct
positive oneAg;. This is mostly due to residual emission of absorption of light as was previously advanced for CMPS3 from
monomer at the wavelength at which the excimer has beensteady-state results.
measured Aem = 330 nm). There, even a few percent of Therefore, we proceed to develop the kinetic scheme needed
monomer contribution strongly affects the valuetgg because with proper consideration of isolated monomers and preformed
of the fact thatrs is very short (andys is large) with respect  dimers.
to the other times. A correction of the excimer amplitudes, using  Mechanism and Kinetic Equations. The mechanism here
fluorescence spectra, leads to sums of excimer amplitudes closeonsidered (Scheme 1) includes three kinetically coupled species
to zero within the errors of the correction procedure. (two monomers and one excimer). These are (1) the isolated
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SCHEME 1: Kinetic Mechanism
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phenyl group in the trans isomer (N1 which can decay to the
ground statel) or transfer the excitation to any of the other
two phenyl groups (8, (2) the remaining phenyl groups (M,
which can form excimersf), back-transfer energ), or decay
to the ground statekf), (3) the excimer (E*), which can
dissociate back to the excited monomeg*Nlky) or decay to
ground-state monomerkd). The model also takes into account
the possibility that excimers can be formed not only by the usual
dynamic mechanism with rate constdgtbut also by direct
absorption of light ofo. ground-state monomer units forming
ground-state dimers (Bl The molar fraction of isolated ground-
state monomers (Mis represented bg, andl, is the rate of
light absorption by all monomers at the excitation wavelength.
The time evolution of the concentration vector of the three
species in Scheme 1 is ruled by the following differential
equation;

q M* —(2k+ky) k 0
Ve (=2 —(kHky+k) Ky x
E* 0 Ka —(ke + k)
M*
M1 (1)
E*
whereM¢*, M¢*, and E* are the excited-state concentrations of
the species.

Integration of eq 1 leads to

it

M;* &, Qp Q3 e
MZ* (=121 an as|x|e™ 2
E* 831 8y gl [gt

wherel, 4,, 13 are theeigenvaluesof the transformation matrix
and thea; (i,j = 1, 2, 3) are the linear combinations of the
eigenvectorsbasis set obeying the initial conditions

3

Zalj =p )
=
3
Zazjzl—a—ﬂ (4)
=
3
®)

Zaaj =aq
£

Theeigenaluesj; are the roots of the characteristic equation
of the transformation matrix

22— 222X+ k+ K+ Y) + AYX+ k) +
X+ RIY 4+ X+ k) — kkyg — 2K + (X + Kkky +
2kY — Y(X + k)(X + k) =0 (6)

whereX = ky + ky andY = kg + kg.
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The preexponential coefficients;) are also functions o,

Ka ko, kg, kv, @, and 5. These functions are given in the
Appendix (eqs A.TA.9).

Data Analysis. At the monomer emission wavelength, the
experimental fluorescence intensity is the sum of emissions of
nonisolated (M) and isolated monomers (M and its time
dependence is given by

3
WO = O+ O = Y Ag PR ()
2

The excimer emission is also given by a sum of three
exponentials:

3
le(®) = 5 Ag exp(-2) ®
E ]Z ) ]

The experimental amplitudeSy; and Ag are related to the
coefficients of linear transformation of thegenvectorsby

Avi = Kwfu(ay + ay)
Ag = kefeay

(=1,2,3) 9)

(i=1,2,3) (10)
whereky andkg are the monomer and excimer radiative rate
constants andly andfg are instrument factors.

The evaluation of the seven unknowns in Schemé, I
kq, ke, kv, o, andp) requires at least six independent equations
(kwm is measured with the monomeric model compound) and
six experimental parameters (besidkg). The number of
available experimental parameters are sevén; A, As,
AnzlAvz, AvzlAut, Aed/Aez, and Agg/Ags.

The numerical evaluation of the unknowns was done using
the “fmins” routine (AT-MATLAB package) to minimize the
residuals of the seven following relations at each temperature:

3
A= (@X+k+k+Y)=0

11)
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Figure 8. Fraction of isolated monomers and preformed dimers

The output results are shown in Figures 7 and 8 and Table l‘(defined in Scheme 1) as a function of temperature.

Rate Constantsk,, kq, kv, ke. ks values are large (Table 1),
denoting that excimer formation is a fast process, and its TABLE 1: Summary of Rate Constants, Activation

temperature variation is relatively weak (sEgin Table 1). Energies, and Excimer Binding Enthalpy Obtained for
These results are very similar to those found in linear polymers €MPS3 in MCH Solution from Time-Resolved Results
of PMPS, where th&, andE; values are of this same order for K710 571 13.7+ 0.5
any chain length (1316 ns! at 20 °C and 2.3-2.9 kcal KU1 st 1.64+ 0.4
mol1).8 Thus, the restriction imposed by ring closure little k1P st 0.134+0.01
affects the mobility related to excimer formation. This strongly k101257 0.62+0.13
supports the idea that only chromophore reorientation is needed kY1055 0.14+0.1
both in linear PMPS and CMPS3 to form excimers. Egkcal ol * 22+0.1

The CMPS3kq4 values (Table 1) are much lower than those Ed/kcal mol* 6.6+0.3
of kq and its temperature variation more pronounced, as AH/kcal mol 44+0.4
corresponds to the existence of a binding energisifl ~ 4.4 a 0.04+0.015

B 0.23+0.02

kcal mol1) opposing excimer dissociation.

The rate for excimer decayke, does not change with  \hich corresponds to the fraction of chromophores configura-
temperature in all the ranges studied, contrary to what happensijonally isolated.

with the rate for monomer decalyy = 7o~*, which is strongly The values ofx are so small at any temperature (Figure 8)
temperature-dependent. This is so because |n°the.cal§a of that the existence of preformed dimers is questionable.
the dominant term, at temperatures abové0 °C, is the Parameters from Steady-State DataWhen steady-state

nant process in the case of excimer decay, in the whole rangeforescence intensities of the monomky)( excimer (g), and

of temperature. . the model compoundd) are derived:

Let us come now to the parameters directly related to the
assumptions about isolated monomers and preformed dimers, le ke ok (3K + ky,) + K (2k + (1 — B)ky)
namely, the fractions. and and the rate constaft Ty~ K (o + (1 a)k(@K + k) T Bk, (18)

Rate Constant of Energy Transfer,k. Thek values are from

1 to 2 orders of magnitude lower thdgq and temperature- _
independent, as expected for an energy-transfer process. Besides(l_O — 1) = ok (3K + k) + K2k + (1 = )kM)I,\E
(kg + (1 — 0)kg)(Bk + ky) + Skeky

2k values (0.25 rist) are about the same for PMP&hd CMPS3
(0.3 ns'Y), as expected for the same chromophores in the same ]

local environment with two neighboring phenyl groups in These equations reduce to the well-known Stevé@an equa-
preformed dimers. Both values are also close to the rate constantOns,

(19)
IM

of energy transfer, which is calculated from th&$ter critical | K K,
distance Ry = 7.25 A for dimethoxymethylphenylsilarfeand E_ T (20)
the average distance between phenyl groups in the trans isomer v K kgt ke
(R=7.08 A): k = ku(Ry/R)® = 0.31 ns..

Molar Fractions of Isolated Monomers and Preformed I_o “1lk. = Ka ke 1)
Dimers. The fractiong of monomers that are isolated should I Mo kg + ke

also come out independent of temperature. In Figure 8 we see

that 8 actually is temperature-independent. Not only that, but whena = 8 = k = 0 (Birks scheme).

the values of this fraction scatter little (0-20.26) and their Inspection of eqs 18 and 19 shows that the slopes in the LTL
mean value is very close to the experimental value-6f23, or HTL regions are not equal toE/R and —AH/R and have
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no physical meaning. Furthermore, appatgmalues, estimated
from the LTL region, are in fact the values of a complex function

of all the kinetic parameters and also have no physical meaning.

In fact, these values &fe'? much lower than the corredt,
values from time-resolved data. This discrepancy is now clearly
understood in light of the kinetic mechanism developed here.
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Appendix
ay; = May, (A.1)
a8y, = Lay, (A.2)
)3 = Jay, (A.3)
a=(l—a—f)—a,—as; (A.4)
2 = H (A.5)
3= g';;_léi (A.6)
ag; = lay, (A7)
a3, = Hay, (A.8)
833 = Gay, (A.9)

where the parametess B, ..., andM are given by the following
relations:

_ ke Ka
A_Y—%_Y—ll (A.10)

Kk Ka
B‘Y—@_Y—Al (A.11)
C:(l—(].—(l—ﬁ)Y_Ljd1 (A.].Z)

_ k 3 k

D_a+@—% X+K — 4, (A13)
K K (A.14)

S T S S
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o k
F=8-(1-« ﬁbzﬁajz (A.15)
Kk
G=y-7 (A.16)
Kk
H=9=1 (A.17)
Kk
== (A.18)
B k
J—&:ETZ (A.19)
I S (A.20)
X+K) — 1,
M=— K (A.21)
X+ K — 4,
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