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The photophysics dfl-(2,6-dimethylphenyl)-2,3-naphthalimide (DMPN) has been investigated in the presence
of methanol or fluorinated aliphatic alcoholsrirhexane and carbon tetrachloride solvents. Consecutive two-
step hydrogen bonded complex formation is observed in the presence of alcohols. Equilibrium constants are
determined for the formation of singly and doubly complexed species. The UV absorption and fluorescence
spectra for the singly and doubly complexed DMPN are derived from the measured absorption and fluorescence
spectra, respectively, by means of the equilibrium constants. It is concluded from the results that the
spectroscopic properties (singlet excitation energy and Stokes shift) of the complexed species are significantly
influenced by the Gibbs energy change in the complexation reaction. Quantitatively, a linear relationship is
found between the difference of singlet excitation energy of the complexed and uncomplexed species on one
hand and the Gibbs energy change in the complexation reaction on the other hand. This observation is explained
by means of an energy cycle and Abraham’s hydrogen-bond acidity/basicity model. Hydrogen-bond basicity
values are determined for singlet excited DMPN and its singly complexed derivative with hexafluoro-2-
propanol. Such hydrogen-bond basicity values of excited states are useful for predicting equilibrium constants
for complex formation of the given excited state with other hydrogen bond donors. The photophysical properties
of DMPN are strongly influenced by hydrogen bond formation. The fluorescence yield increases dramatically
with complex formation, which is caused by an increase in the activation energy of the temperature enhanced
intersystem crossing and internal conversion processes.

Introduction cyclic® and carbonyl compounds? Hydrogen bond formation
The photophysics of 1,2-, 2,3-, and 1,8-naphthalimides and has a different effect on the energies of various excited states;

their N-methyl derivatives were investigated in the past decade |r} aln extlrgme cise,dhydrgg(tent b???mg d??y C‘iﬁse df[fr;e re\;ersal
in our laboratoried. > All of these compounds emit fluorescence or close-lying n™ and zz,7” states. " In adaition, the difieren
around 400 nm. Under certain conditions, some oNkghenyl strength of hydrqgen bondlng. |n.thelground and excneq states
derivatives show red-shifted, so-called “long wavelength” (Lw) MY lead to efficient energy dissipati8&?12In recent studies,

fluorescence beside the “short wavelength” (SW) emission, and Lhed effelct OS t_he fI(;Joresk(]:ehnclz_e %f hydrgge_n bondir?g betwan
are characterized by short excited state lifetimes which is the ydroxyl substituted naphthalimides and nitrogen-heterocyclic

result of efficient internal conversion to the ground state. It was compounds was mve_stlgatéﬂln addition, hydrogen bqnded
suggested that the geometry of the SW state is similar to thatcomplgxei of aromatic carponyl compoufidand 1.8-dicar-
of the ground state (i.e., the plane of the aryl group is nearly bommm_leé were also examined. . .
perpendicular to that of the imide moiety), whereas twisting of In this paper, we study the effect of complexation with

the phenyl group toward a coplanar geometry is assumed to be.aICOhOIS on the spectroscopy and photophysics of a naphthal-

required in the formation of the LW state. imide. 2-(2,6-Dimethyl-phenyl)-benzifoindole-1,3-dione (called
In previous studies of the photophysics of naphthalimides,

experimental conditions were varied in a wide range. Experi-

ments were carried out in various solvents and specific solvent

effects were observed in alcoholic media. Thus, for instance, N

larger bathochromic shifts than expected were found in ethanol

solvent? This deviation from the LippertMataga relationship

may be an indication of hydrogen bond formation in alcoholic . -
solvents, and therefore, the use of alcohols as solvent wasnereafter adl-(2,6-dimethylphenyl)-2,3-naphthalimide and des-

. . ) . e ignated as DMPN) is selected as the hydrogen bond acceptor.
avoided in our previous investigations. However, hydrogen . .

bonding is knowﬂ to play an essgential role in chemPs{rydg D.MPN is a thermally and photoqhemlcally stablg compound
biology.” Formation of intermolecular hydrogen bonding may with strong hydrogen bonding ability due to the_hlgh electron
have a significant influence on the photophysical behavior of density on the carbonyl oxygen. DMPN emits only SW

various compounds, in particular on that of aromatic hetero- Iummgscence since steric h|r_1drance caused by the bulky methyl
substituents prevents rotation toward a coplanar geometry

*To whom correspondence should be addressed. E-mail: demeter@ "€duired in the formation of the LW emitting state. Methanol
chemres.hu. and fluorinated alcohols, in particularly hexafluoro-2-propanol

o)
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absorption spectrum of DMPN has a strong vibronic progression

‘T:)'”[,’r"”“’ with 705 cn1? spacing. The half-width of the vibrational band
PR ] is relatively narrow (305 cmt or 3.8 nm). At low [HFIP],

@ oot increasing alcohol concentration causes a continuous decrease
( 00033 of the 351.4 nm band intensity and simultaneously a new
o oot ] absorption maximum appears at 358.5 nm. An isobestic point
0o is observed around 353.9 nm. Further increase in the HFIP

& oove concentration results in the disappearance of the isobestic point,

o a decrease in the absorption at 358.5 nm, and the appearance
Vo (© 012 | of an absorption band at 368.8 nm. These observations can be
explained by assuming a two-step consecutive complexation
& reaction mechanism. The absorption maxima at 351.4, 358.5,
00 AN NN | and 368.8 nm correspond to the—Q0) transitions of the

300 310 320 330 340 350 360 370 380 390 400 uncomplexed (N), singly complexed (NX), and doubly com-
wavelength / nm plexed (NX) species, respectively. (Here X stands for the

hydrogen donating alcohol molecule, in the present case HFIP.)
The strong red shift observed in the N, NX, N3eries indicates
theszzt* character of the uncomplexed and the singly complexed
(i.e., 1,1,1,3,3,3-hexafluoro-2-propanol, HFIP), were used as SPecies.
hydrogen bond donors. On the basis of spectroscopic results, the complexation
mechanism, given in Scheme 1, can be suggested

absorbance

Figure 1. Absorption spectra of DMPN (& 107 mol dnT3) with
various [HFIP] inn-hexane.

Experimental Section

Scheme 1
The preparation and characterization of DMPN was described K
previously® Carbon tetrachloride for U¥spectroscopy (Fluka) N 4+ X — NX (1)
and n-hexane for spectroscopy (Merck Uvasol) solvents were «
used as received. Methanol was obtained from Fluka, and NX + X ~—> NX, 2)
fluorinated alcohols were purchased from Fluorochem Limited
and were used without further purification. whereK; andK; are the equilibrium constants for the reversible

Absorption spectra were recorded on a Unicam UV500 formation of the singly and doubly complexed species, respec-
spectrophotometer with a resolution typically of 0.2 nm (and tjyely. Assuming that dimerization of the alcohol is negligible,

exceptionally of 0.5 nm). When necessary, correction was madethe expressions for the equilibrium concentrations of species
for dilution caused by the addition of alcohol and for density N NX, and NX, are given as

change due to variation of temperature. The fluorescence spectra

were measured with a homemade photon-counting spectrofluo- [N] = [N], — [NX] — [NX,] 3)
rimeter equipped with a Princeton Applied Research 1140 A/B

detection system of 1 nm resolution. Room-temperature fluo- K, [N][X]

rescence quantum yields were determined relative to that of [NX] = (4)

- 2
quinine sulfate @; = 0.546)%® Time-resolved fluorescence 14 Ky[X] + KiKo[X]

measurements were made by nanosecond single-photon-counting

technique using an Applied Photophysics SP-3 instrument. The K, Ko[N] o[X]?
short lifetimes were obtained from picosecond time-resolved [NX,] = 1+ Ky[X] + KK [X]2
measurements as reported befoB8 nm (XeCl) light pulses 1 2
from a Lambda Physik EMG 101 excimer laser were used in
all triplet measurements. Transient absorption signals were
recorded on an optical line (Xe-lamp thermostated sample

— Applied Photophysics monochromater RCA 928 photo-
multiplyer — Hitachi VC6041 digital oscilloscope) mounted
perpendicular to the excitation line. Triplet yields were deter- A= ey [N] + ey INX] + €py [NX] (6)
mined using the energy transfer method with perylene as energy 2

acceptor® These measurements were made relative to the triplet,yheree _enx, andeny, are the molar absorption coefficients
yield of N-methyl-1,8-naphthalimide’@ = 0.95)* Molar ¢ specNiesNxN, NX,N:(;nd NX respectively. IOln an iterative
absorption coefficients of the triplets were determined re_Iatlve nonlinear fitting procedure, using Marquardt algorith, K,

to that.of bsnzophenone (6600 midmfem™) at 525 nm in and the molar absorption coefficients of complexes NX and NX
acetonitrile were optimized. In the fitting procedure, the absorbance
measured at five selected characteristic wavelengths in samples
with various alcohol concentrations was used. A representative

(%)

The initial concentration of DMPN, [N] can be determined
easily from the absorbance of the sample which contains no
alcohol. In the case of samples containing alcohol, the absor-
bance A) at a given wavelength is described by eq 6

Results and Discussion

Mechanism and Thermodynamics of Complex Formation. fit is presented in Figure 2. The fits are good in general;
The UV absorption spectrum of DMPN imhexane was studied  however, it is to be noted that at high alcohol concentrations
with different alcoholic additives in the-80.15 mol dn13 (e.g., concentrations higher than 0.15 moldim case of HFIP

concentration range. In Figure 1, the UV absorption spectra of in n-hexane) calculated curves deviate from the measured points.
DMPN are given in the presence of hexafluoro-2-propanol of This may be the result of side reactions, such as the formation
different concentration. The alcohol concentration was kept low; and reactions of dimer alcohol. The compartment analysis of
therefore, the solvent polarity could be considered constant andthe dependence of absorbance on the alcohol concentration at
dimerization of the alcohol could be neglected. The UV several wavelengths makes the determination of equilibrium



Photophysics of DMPN J. Phys. Chem. A, Vol. 108, No. 19, 2004359

TABLE 1: Room-Temperature Equilibrium Constants (in mol ~*dm3) for the DMPN —HFIP —n-Hexane and
DMPN —HFIP —Carbon Tetrachloride Systems

solvent: n-hexane carbon tetrachloride
K(ground state) Ki=94+3 K,=13+3 Ki=39+4 K,=25+0.5
K(singlet excited state) Ko = 1500+ 130 K11 =200+ 60 Ko =340+ 60 K11 =30+ 10
K(triplet excited state) Kig=51+4 Ko=9+2
0.8 T T T T T T T T T T T T
[ ]
367.0 nm
o — 4
2 5
~ (0]
Ke) [
S 351.5 nm g i
I7)
o] ~
© 376.0 nm X
£
i 2| i
0.0 ol 1 1 1 ) 1 N 1 0 . . . . ) . .
000 002 004 006 008 010 0.12 30 35 20 45
[HFIP] / mol dm”® 1000 T / K

Figure 2. Fitted DMPN (8x 10~° mol dnt) absorbances as a function  Figure 3. Van't Hoff plots for complexation in the DMPNHFIP—
of HFIP concentration, in-hexane, at five representative wavelengths. n-hexane system. Full and open circles refer to the first and the second

. complexation steps, respectively.
TABLE 2: Room-Temperature Photophysical Parameters

for the DMPN —HFIP —n-Hexane System formation step from activation controlled rate at higher tem-
species N NX NX% perature to a diffusion controlled rate at low temperatire.

E/kcal mol? 81.25 79.3 775 As expected, the second complexation step is less exothermic

€(0—0)/mol-dm? cm™t 6250 7990 8450 than the first one. OuAH3 values determined in-hexane can

D 0.016+ 0.002 0.18+0.03 0.45+ 0.06 be compared witthH® = —5.9 kcal mof?! obtained by Kivinen

Disc 0.42+0.03  0.53£0.04 0.47+0.05 et all8 for the acetone- HFIP system in carbon tetrachloride

P 0.56+0.05 0.29+ 0.07 0.08+0.11 and AH® = —8.0 & 0.8 kcal mof? reported by Sherry and

uns _ 046002 1.9£0.2 =~ 4.7402 Purcell® for the acetone- PFTB system im-hexane

ke x 107°8/s72 0.35+ 0.06 0.95+0.26 1.0£0.2 . ) Yy :

kisc x 1078/s71 91411 28405 1.0+02 The reaction entropies &S} = —12.44 1.8 cal mott K1

kic x 10°¢st 122415 1.5+05 0.24+0.3 andAS} = —11.3+ 1.0 cal mof! K=t were determined for

the complexation processes in the DMPHFIP—n-hexane
constants and absorption coefficients more reliable. The opti- system. Similar values were obtained by us for the DMPH
mized room-temperature equilibrium constants and molar PFTB—n-hexane systemAS; = —12.34+ 2.1 cal mott K1
absorption coefficients, determined for the DMPNFIP—n- andAS = —11.3+ 2.1 cal mot! K=1) and were reported in
hexane system, are given in Tables 1 and 2, respectively.  the literaturé®20 for the other hydrogen-bond formation pro-

The temperature dependence of the complexation equilibrium cesses where three translational and three rotational degrees of

constantskK; and K, was studied in the temperature range freedom are lost in the reaction.
between—50 and+65 °C. The reaction enthalpyAH°) and Absorption and Fluorescence Spectra of Complexed
reaction entropy AS’) were obtained from the measured SpeciesThe knowledge oK; andKj; equilibrium constants of
temperature dependence of the equilibrium constants in ac-complex formation allows us to derive the spectra for the singly

cordance with the van't Hoff equation complexed and doubly complexed species. Using the DMPN
absorption spectrum, as well as the DMPN spectra measured

nNK= —AH° i AS ) in the presence of small alcohol concentration (where the singly

RT R complexed species dominates) and relatively high alcohol

concentration (where the doubly complexed compound prevails),
The temperature dependence of the equilibrium constants forthe spectra of the complexed NX and N3pecies are obtained
HFIP complexation im-hexane is presented in Figure 3. From by an iterative procedure. The fluorescence spectra of the

these plotsAH? = —6.5+ 0.1 kcal moft andAHS = —4.7 &+ complexed species were obtained by a similar iterative procedure
0.1 kcal mol?! are obtained. Similar plots, for complexation from the fluorescence spectra of DMPN and DMPN spectra

with perfluorotert-butyl alcohol (PFTB) im-hexane, yieldAH? measured in the presence of small and relatively high alcohol
= —6.8+ 0.6 kcal mot! andAHS = —5.2 4+ 0.5 kcal mot™2. concentrations.

It can be seen from Figure 3 that thevalues at the lowest The absorption spectra of DMPN and of the complexed

temperature are lower than expected from the rest of the data;species in the DMPNHFIP—n-hexane system are presented
these data were not taken into account in determining the in Figure 4. It is clear from the figure that the characteristics of
thermodynamic parameters. Similar deviations were also ob- the spectra of the complexed species are very similar to those
served at the lowest temperature in the PFTB complexation of the DMPN. All three spectra are structured with similar
system where only approximate values could be derived. The progression and relative intensities of vibronic bands. Slight
deviation indicates a change in the mechanism with temperature broadening of the bands can be seen in the series of N, NX,
such as for instance a change in the kinetics of the complex and NX. The molar absorption coefficients increase by about
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8 15000 3 2 1 0
5] : .
2 5 AG® = -RTIn(K / mol”'dm?®) / kcal mol™
(7]
§ 0 g Figure 5. Singlet excitation energy difference of complexed and
= @ = uncomplexed specie\{E) as a function of Gibbs energy change in
110000 @ complex formation in the DMPNalcohol-n-hexane system at room
[¢] ; ; =
= temperature. Meaning of the symbols is the same as in Figure 3. The
sequence of alcohols from right to left is MET, TFE, PFP, DFH, HFIP,
15000 and PFTB.
0 solvents are listed in the order of increasing hydrogen bond
20000 25000 30000 donating ability. (See the hydrogen-bond acidity values in the
wavenumber / cm”’' second column.) In this sequence, the equilibrium constants for
the first as well as for the second complexation steps increase

Figure 4. Absorption and fluorescence spectra of DMPN and the AR ) . .
complexed species in the DMPNHFIP—n-hexane system. which indicates a decrease in the Gibbs energy change (i.e.,

progressively more negativeG;? and AG3 values) of complex-
35% from N to NX%. The (0-0) absorption band is shifted ation in the series. In the case of the first complexation step,

considerably as a result of complex formation: the shift is 7.1 there is significant red shift observed in the location of the
and 6.9 nm in the first and second complexation step, respec-absorption and fluorescence maxima. A moderate increase in

tively. (For comparison, the solvatochromic shift of the-() the Stokes shift is also found. It appears from these observations
absorption band of DMPN is 7.1 nm when changing the solvent that the spectroscopic properties of the complexed species are
from n-hexane to acetonitrile.) significantly influenced by the Gibbs energy change in the

The fluorescence spectra of DMPN and of the complexed reaction. Probably similar conclusions are valid for the second
species formed in the DMPNHFIP—n-hexane system are also  complexation step too. (The Stokes shift observed for, X
shown in Figure 4. The fluorescence spectrum of DMPN is around 350 cm?; however, the accuracy in the determination
mirror symmetric to the absorption one, with a very small Stokes S not good enough to draw conclusion regarding its tendency.)
shift (less than one nm), indicating that the relaxation in the = Hydrogen-Bond Basicity of the Ground and Singlet
excited state is almost negligible. The mirror symmetry is also Excited State of N and NX.In Figure 5, the singlet excitation
observed for the complexed species; however, the Stokes shiftenergy difference of the complexed and uncomplexed species
is somewhat bigger, the structure is less pronounced, and the(A'E) is plotted as a function of the Gibbs energy change in
vibronic bands are broader than those of DMPN. The fluores- complex formation AG°® = —RTIn K) at room temperature in
cence quantum yields increase considerably with the complex- n-hexane. The data indicate that linear correlation exists between
ation (see Table 2). these two quantities. Similarly good linearity is obtained in

The complexation of DMPN was studied also with a number carbon tetrachloride. To explain this linearity, the energy
of alcohols other than HFIP. These alcohols included PFTB, diagram for complex formation in the ground state and in the
1H,1H,7H-dodecafluoroheptan-1-ol (DFH), 2,2,3,3,3-pentafluo- excited state (Figure 6) has to be considered, in a manner similar
ropropan-1-ol (PFP), 2,2,2-trifluoroethanol (TFE), and methanol to that presented for heterolytic dissociation processes by
(MET). Equilibrium constants of complex formation and Forstef:22 (The following consideration refers to the first
spectroscopic properties of complexed species were determineccomplexation step; however, analogous equations hold also for
and the main results are given in Table 3. In the table, the the second step.)

TABLE 3: Room-Temperature Equilibrium Constants and Spectral Parameters for the DMPN—Alcohol—n-Hexane Systems
with Different Alcohols

N<NX NX<>NX_
K/ (0—0) absorpt. max. Stokes shift/ Kaof (0—0) absorpt. max./ Stokes shift/

alcohol oty mol~dm? cm?t cm?t mol~*dm? cm?t cm?
none 28459 85

MET 0.43 2.8 28163 110 1.2 27860 350
TFE 0.57 21 28016 129 2.7 27780 400
PFP 0.64 26.5 28003 136 2.6 27600 400
HFIP 0.77 94 27995 137 13 27910 320
PFTB 0.88 173 27912 145 29 27270 300

aReference 232 This work. ¢ Estimated from results of ref 19.
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N + X obtained for InKg which may be used in rewriting eq 12

N x| o0 AHg — AHS =

RTﬁ?(N) — B5CN)

(InK;+C) + T(AS — AS)) (16)

BH(N)
;
Ey 1 Considering the energy cycle involving the ground states and
NX excited states of N and NX (see Figure 6), it can be shown that

AH§ — AH3 {which equalsD(N—X) —D(IN—X)} may be
replaced by the difference of the singlet excitation energies of
NX and N, i.e.,A'lE = Eyx — En. Moreover, the entropy
N+X D(N-X change in complexation is expected to be similar for the singlet
¥ \‘—NX——t N excited and ground-state species; therefos5(— AS)) is
negligible andT(AS; — AS]) may be omitted on the right-hand

Figure 6. Energy cycle involving ground-state NX and singlet excited ~ sjde of the equation. Thus, eq 16 can be replaced by eq 17a
state™NX hydrogen bonded complexes as well as their dissociation

products.’Ey and !Enx are the singlet excitation energies of N and 1
NX, respectively, whered3(N—X) and D(*N—X) are the correspond- N T EnE

ing bond dissociation energies. ,BE(IN) _ ﬂg(N) ﬁ;'(lN) N ﬁl2-|(N)
= o s A o __ = - =

1 H
p2(N) Bz2(N)
The basic thermodynamic equation for the Gibbs energy 2 2

change in the formation of ground-state NX from the compo- The analogous equation for the second complexation step is
nents maybe given as

C, (17a)

1 1 —
ENx2 Enx =

—RTIn K, = AG; = AH; — TAS (8)
Hl H H1 H
NX) — B5(NX NX) — 5 (NX
Similarly, for the formation of singlet excitedNX from excited P : P2 (NX) AG; — R Pa : Pa )Cl
IN and X B2(NX) B2(NX)
(17b)
IN + X % INX (9)
These equations demonstrate that, at constant temperature, linear
the Gibbs energy change is correlation is expected between the singlet excitation energy
difference of the complexed and uncomplexed species on one
—RTIn Ky = AGg = AHg — TAS (10) hand and the Gibbs energy change in the complexation process

(or alternatively the logarithm of the equilibrium constant for
An analogous relationship holds also for the formation of doubly complex formation) on the other hand. This agrees with what

complexed singlet species has been found experimentally (see Figure 5).
K Equation 12 and the analogues equation for the formation of
INX + X —> INX, (11) the doubly complexed species offer some further application.
Namely, a treatment based on an energy cycle, analogous to
From eq 8 and 10 one obtains the well-known Fester cycle;-?*can be used to derivés and
K11, the equilibrium constants for the formation of singlet excited
—RT(InKg — InK)) = AG3 — AG; = singly and doubly complexed species. NeglecityyS — AS),

o o__ _ replacing AH§ — AHY) by (*Enx — 1En), as discussed above,
AH; — AR~ T(AS — AS) (12) and using the known values of the ground-state equilibrium
constant and the singlet excitation energy differerd&gy —
1EN), one can calculate the equilibrium constant for the singlet
excited species. Such calculatédalues are given in Table 1.

Equation 13 or the generalized eq 14 offers a simple technique
to characterize complexation equilibria provided that the

Abrahant® has expressed log of a complexation process, in
carbon tetrachloride at 298 K, as a function of the product of
the solute hydrogen-bond acidity'z'() and the hydrogen-bond
basicity (35)

_ HoH _ hydrogen-bond solute parameters are known for the hydrogen
log K =7.3541;3; — 1.094 (13) donor and hydrogen acceptor species. Following earlier stud-
Using this type of relationship, IK; and InKg may be given, les;924 Abrahant® and c%-workers established tl_1§ (hydro-
in a generalized form gen-bond acidity) and3, (hydrogen-bond basicity) scales
which became widely accepted. In addition, considerable
In K, = C,o585(N) — C, (14) theoretical efforts were made to predict these hydrogen-bond
solute parametef8.Moreover, it was showf that theas;' is in
and excellent correlation with the maximum of the electrostatic
potential on the surface of the corresponding molecule.
In Ky = C,ob85(*N) — C, (15) Originally theo' andg} solute scales had been set up using

log K values for complexation measured in carbon tetrachloride
whereC, = 2.303x 7.354= 16.933 andC; = 2.303x 1.094 (see eq 13). No hydrogen-bond basicity parameter has been
= 2.519 for carbon tetrachloride solvent at 298 K temperature. reported so far for DMPN. To obtajff, values for DMPN and
Substituting ag from eq 14 into eq 15, an expression is its complexed species, equilibrium constants for complex
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Figure 7. Plot of the logarithm of the equilibrium constant for
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TABLE 4: Parameters of Eq 17 and Derived
Hydrogen-Bond Basicity Values

solvent carbon tetrachloride n-hexane
B (N) 0.47+0.02 (0.47)
B2 (NX) 0.29+ 0.02 (0.29%
slope (eq 17a) 0.48 0.16 0.362+ 0.007
intercept (eq 17a) —-0.9+0.3 —0.67+ 0.02
B2 (*N) 0.64+0.08 0.64+ 0.03
slope (eq 17b) 0.5% 0.35 0.52+ 0.02
intercept (eq 17b) —0.76+£ 0.27 —0.86+ 0.03
B2 (*NX) 0.46+0.12 0.45+ 0.03

a Assumed to be the same as in carbon tetrachloride.

complexation steps (see Figure 7); however, discussion of these
results requires some assumptions to be made. A reasonable
assumption is that theg andﬂg scales are independent or are
only slightly dependent on the solvent (at least in case of apolar

complexation as a function of hydrogen-bond acidity, in accordance gnd nonassociative solvents). One obtains, from the intercepts

with eq 14 and 15. Circles and squares indicate results obtained in
n-hexane and carbon tetrachloride, respectively. Full and open symbols

of the logK vs ag' plots of the data of the first and second

refer to the first and second complexation steps, respectively. The COmplexation steps in-hexane,C; = 1.08+ 0.3 and 1.3+

sequence of alcohols from left to right is MET, TFE, DFH, HFIP, and
PFTB.

formation with methanol and fluorinated alcohols (listed previ-
ously) were determined in C&£IDeterminations of th& values
were made in the same way as described for the experiment
in n-hexane. The hydrogen-bond basicity values of N and NX
were calculated from eq 13 using tikg and K, equilibrium

constants, respectively, obtained in carbon tetrachloride solvent

in this work and theo!) values of the alcohols (MET, TFE,
DFH, HFIP, and PFTB) taken from the literat#.The o)
value of PFTB, for which no data were available, was estimated
from literature resul® to be o) = 0.88. The calculated

0.2, respectively. These figures agree, within the error limits,
with the —1.094 parameter of eq 13 determined in carbon
tetrachloride?®® Assuming that thggy(N) = 0.47 value, deter-
mined in carbon tetrachloride, can be used to interpret equilib-
rium results obtained in-hexane, from the slopes of the plots
of the straight lines determined mhexane, &, value of about

S14% higher than that determined in carbon tetrachloride is

obtained. This result is in quantitative agreement with the 13%
difference that is obtained from the comparison of the equilib-
rium constant measurements made for pyridirexide—alcohol
complexation in cyclohexane and in carbon tetrachlofide.
The knowledge ofGE‘ for N and NX allows us to estimate
the hydrogen-bond basicities of electronically excited N and
NX by means of eqs 17a and 17b, respectively. The plots of

hydrogen-bond basicities showed no dependence on the comyne singlet energy difference of the complexed and uncomplexed

plexing alcohols and the derived average values \ﬁé(N) =
0.47 + 0.02 andﬁg(NX) = 0.29 + 0.02. As expected, the
hydrogen bonding ability of NX reacting in the second com-
plexation step is lower than that of N participating in the first
one (i.e.,f5(NX) < B5(N)). However, it is interesting to note
that ﬂg(Nx) does hardly depend on what kind of alcohol is

species against of the Gibbs energy change, in the DMPN
HFIP—n-hexane system, yield straight lines (see Figure 5) with
slopes and intercepts summarized in Table 4. According to eq
17a and eq 17b, the ratios gfb(*N) — SH(N)I/A5(N) and
[BYANX) — BH(NX))/BY(NX), respectively, are directly ob-
tained from the slopes and can be derived, with a known value

attached to the other hydrogen-bonding site of the naphthalimideof C;, from the intercepts. The ratios originating from the

structure.

intercepts and the slopes agree within the limits of experimental

Since eq 13 is based on measurements made in carborerror; however, in the forthcoming discussion, we use the more
tetrachloride, we used the eq 14 type relationships, with nonfixed accurate slope values. With these ratios, and the above derived

C; and C; coefficients, to interpret the results of equilibrium
studies carried out in-hexane. Accordingly, the logarithm of
the experimentally determined equilibrium constants for the
DMPN—HFIP system is plotted against the appropriaf}
values in Figure 7. (The source of thé' values is described
above.)

The results of equilibrium studies carried out in carbon
tetrachloride are presented for comparison in Figure 7. The
intercepts of the straight lines corresponding to the first and
second complexation steps ar8.98+ 0.11 and—1.20+ 0.06,
respectively, in reasonably good agreement with 1094

ground-states, values for N and NX (i.e.85(N) = 0.47 and
5;'(NX) = 0.29), the excited-state hydrogen-bond basicities
given in Table 4 are obtained for the DMPIRFIP system.
As far as we know, these values are the first reported hydrogen-
bond basicities for excited-state species. For the studied
DMPN—-HFIP system, the hydrogen-bond basicities of the
excited states are equal or close to each other in the two solvents,
as expected. Moreover, a higher value is obtained for the excited
species compared to the ground-state ones.

Triplet State Properties of Complexed Speciedriplet state
properties of complexed species (including triplet yields, equi-

parameter of eq 13 which is based on a large number of librium constants of complex formation and triplet spectra) were
equilibrium measurements. From the slopes of the straight linesstudied in detail for the DMPNHFIP—n-hexane system. The

of the CCl, measurementg,(N) = 0.46 andg5(NX) = 0.30
are derived by means of tl& = 7.354 coefficient taken from
eq 13.

For the DMPN-HFIP system inn-hexane, similarly good
straight lines are obtained both for the first and second

triplet yields were measured in-hexane, relative to that of
N-methyl-1,8-naphthalimide by the energy transfer method using
perylene as energy acceptor and 308 nm laser excitation. In a
system containing alcohol, the energy transfer method measures
the overall triplet yield ®overa) Of various naphthalimide
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Figure 8. Dependence of transient absorbance on HFIP concentration cOMplexed (broken line) and doubly complexed (dotted line) triplet
measured im-hexane at four selected wavelengths. excited species in-hexane. The hydrogen bond donor is HFIP.

species, i.e., N, NX, and NX . )
values are much higher, whereas the triplet-state values are lower

3 —, 3 3 3 than the equilibrium constants of the ground-state species. This
Doveral= Pn Pyt onx Prx t onx, Pux,  (18) may be explained by the difference of negative charge density
on the oxygen atom of the carbonyl group of the ground state,
the excited singlet, and triplet states, respectively. Semiempirical
AM-1 computations support this explanation since they stiow
that the negative charge on the oxygen atom is higher for the
singlet and lower for the triplet state compared to the ground
state.

Triplet—triplet absorption spectrum of DMPN and the overall
plet spectra of samples with added alcohol (at small and
relatively high HFIP concentrations, respectively) were mea-
sured inn-hexane. From the overall spectra and the knétan
andKo equilibrium constants, the spectra of X and3NX;

were obtained by an iterative procedure analogous to that used
for deriving the ground-state NX and NXpectra. The spectra
are shown in Figure 9. Complexation is seen to cause moderate
red shift and decrease of the vibronic structure. The oscillator

where p; stands for the fraction of light absorbed by thik
species in the ground state, i.en,= en[N]/{en[N] + enx[NX]
+ enx,[NX2]}, etc. Triplet yield for the uncomplexed N was
measured directly using samples prepared without added alcohol
whereas 3®yx and 3@y, were obtained by an iterative
procedure from the overall yields measured with samples
containing the appropriate alcohol concentrations correspondingtri
to optimum NX and N> concentrations, respectively. Tipe
parameters were calculated using the known equilibrium
constants of complexation as well as the molar absorption
coefficients at 308 nm taken from Figure 4. The results of triplet
yield determination are given in Table 2.

The determination of the equilibrium constants of complex
formation of the triplet excited N and NX with HFIP

3 Kio 5 strengths (the integrals of the spectra) are the same for the three
N+ X «——"NX (19) species within the uncertainty of measurements. The comparable
K oscillator strengths indicate that the character of the triplet
SNX = X «—— 3|\1)(2 (20) triplet transition does not change with complexation.

Photophysics of Excited Complexed SpecieSinglet life-
was carried out in an analogous way to that of the ground-statetimes were measured for N, NX, and N} the temperature
species. The microsecond time scale of the transient absorptiorrange of 236-340 K. In these experiments, the excitation
measurements is long enough for the development of the wavelength was chosen at the maximum of the corresponding
equilibrium distribution of the triplet species. On the basis of (0—0) absorption band. The room-temperature results are
preliminary experiments, four wavelengths (433, 440, 455, and presented in Table 2.
465 nm) were selected as characteristic ones for the triplet Using the singlet lifetimez), the fluorescence quantum yield
species®N, 3NX, and 3NX,. Measurements were made with (®g), intersystem crossing quantum yietli§c), and the internal
added alcohol varying from 0 up to 0.23 mol dfrconcentra- conversion yield @ ,c = 1 — ®r — ®5¢), the rate coefficients
tion. (The overall absorbance of all samples was set to the samedf singlet state depopulating photophysical processes are
value.) The transient absorbance, extrapolated back to zero timepbtained. The room-temperature rate coefficients are given in
is corrected for the small difference of the triplet yields of the Table 2, and the Arrhenius plots of the photophysical processes
three species in order to obtain constant overall triplet concen- of the singlet excited speciésl and*NX; are shown in Figure
tration in the series of the experiments. (The corrections were 10. Although the rate coefficients for the reaction$K show
typically 10-15% and never excided 25%.) The corrected significant uncertainties (due to the fact that samples of NX
absorbance is plotted as a function of HFIP concentration in always contain N and NX“impurities”), however, it is clear
Figure 8. An iterative nonlinear fitting procedure, using Mar- from the available data that the characteristic tendencies of the
quardt algorithm, is used to obtalyg and Ky as well as the temperature dependence of the rate coefficientiNof are of
molar absorption coefficients of the triplet species. Calculated intermediate nature between those observedNoand 'NXo.
curves are indicated in the figure. The equilibrium constants of At room temperature, as well as at higher temperature, the
complexation of the triplet species (i.&;39 andK5g), obtained excited state lifetime increases considerably with complexation.
from the optimalization procedure, are given in the last row of This increase determines the trend seen in the fluorescence
Table 1. The comparison of the equilibrium constants of the quantum yields, although the fluorescence rate constants show
excited- and ground-state species shows that the singlet-stat@nly moderate increase with complexation. At room temperature,
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Figure 10. Arrhenius plot of the rate coefficients of photophysical
processes for uncomplexed DMPHNj and doubly complexediiX>)
species im-hexane. The hydrogen bond donor is HFIP.

the increase of the radiative rate coefficients is in accordance
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