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Influence of end-to-end diffusion on intramolecular energy transfer
as observed by frequency-domain fluorometry
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‘We investigated the influence of end-to-end diffusion on intramolecular energy transfer between a naphthalene donor and dansyl
acceptor linked by polymethylene chain. A range of viscosities from 0.6 to 200 cP were obtained using propylene glycol at different
temperatures (0—80°C) and methanol at 20° C. The intensity decays of naphthalene were measured in the frequency domain. Several
theoretical models, including distance distributions, were used to fit the data. The results indicate that end-to-end diffusion of flexible
donor-acceptor pairs can be detected and quantified using frequency-domain fluorometry, even in the presence of a distribution of

donor-to-acceptor distances.

1. Introduction

The phenomenon of nonradiative resonance en-
ergy transfer (RET) has been widely used for
determination of intramolecular distances and dis-
tance distributions in bichromophoric systems [1—
4] and labeled macromolecules [5~10]. In the case
of a single donor (D)-to-acceptor (A) distance,
without diffusion, there is a single time-invariant
rate of energy transfer, resulting in relatively sim-
ple decay kinetics for the donor. In flexible D-A
pairs there exists a distribution of D-to-A dis-
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tances, which in turn results in complex donor
decay kinetics [3,9,10]. The time-dependent energy
transfer becomes still more complicated if confor-
mational fluctuations occur during the excited-
state hifetime of the donor. Generally, in a fluid
solution, the mean diffusion distance Ax during
the lifetime of the donor 7 is given by

Ax = (2D7)"7?, (1a)
D=kT/67mR (1v)

Diffusion coefficients (D) may be estimated by
the Stokes-Einstein relationship (eq. 1b), where k
is Boltzmann’s constant, 7 the viscosity and R the
molecular radius. During the last three decades
the influence of diffusion on energy transfer has
been treated theoretically by several authors [11-
16]. Some of these treatments are developed from
Forster kinetics and diffusion theory (Stern-
Volmer kinetics) [14]. Particularly, the influence of
diffusion on intramolecular energy transfer has
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Scheme 1.

been investigated by Haas and co-workers [17,18].
Recently, in a simulation study, Beechem and
Haas [19] discussed difficulties and possibilities to
recover both distance distributions and segmental
diffusion from time-resolved fluorescence mea-
surements. At present there exists a lack of accu-
rate time-resolved measurements of energy trans-
fer in the presence of end-to-end diffusion. In this
paper, we present frequency-domain measure-
ments of diffusion-dependent energy transfer be-
tween naphthalene and dansyl connected by a
polymethylene chain (NU2D) (scheme 1). The ex-
perimental data have been analyzed using differ-
ent theoretical models.

2. Theory

There are several theoretical analytical expres-
sions to describe the donor decay kinetics in the
presence of multiple randomly distributed accep-
tors, with and without translational diffusion
[15,16,20]. We reasoned that energy transfer will
occur dominantly to the nearest acceptor, so that
these theories may be applicable to our D-A pairs,
which contain a single acceptor. Furthermore, the
temperature (diffusion) dependence of the re-
covered diffusion coefficients should reveal the
effects of viscosity, even if only by the trends in
the recovered values. At this time we are not able
to analyze the data in terms of end-to-end diffu-
sion of a single D-A pair due to the lack of a
theoretical framework and appropriate software.

2.1. Forster kinetics without diffusion

In the presence of randomly distributed accep-
tors, the donor fluorescence decays nonexponen-
tially according to

12
ID(t)=IBeXp{—;ta—2v(Lo) > 2)

D D

where 75 denotes the donor fluorescence decay
time in the absence of energy transfer, y = C, /CY,
and C, represents the molar concentration of the
acceptor [20]. C? is the molar critical concentra-
tion of acceptor,

3000
0 _
G = 273 °NR} )

In this expression, N is Avogadro’s number and
R, the critical transfer distance given by Forster

9000(In 10)k %9, (o
6 _ D 4
6= gt Fo(Mea(A)N A
(4)
where «? is the orientation factor, ¢ the quan-

tum yield of the donor in the absence of acceptor,
n the refractive index, N Avogadro’s number,
Fp(A) the emission spectrum of the donor with
the area normalized to unity, €,(A) the absorption
spectrum of the acceptor in units of M™' cm™!,
and A the wavelength in nm. If the molecular
orientations are random, due to Brownian rota-
tion, then k%=2/3. In our analysis, using eq. 2,
C, will be the floating parameter. The influence of
end-to-end diffusion should increase the amount
of energy transfer and thus result in increasing
apparent values of C,.

2.2. Forster kinetics with diffusion

We selected two models to analyze the energy-
transfer data in terms of diffusion; namely, those
of Yokota and Tanimoto [15] and Gosele et al.
[16]. Yokota and Tanimoto [15] used the Padé
approximate method to determine an expression
for Forster energy transfer in a fluid medium.
They obtained an approximate expression for the
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donor fluorescence decay in the presence of diffus-

ing acceptors,
1,2
t
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In(t) =1} exp{— —2,87(
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The parameter 8 is given by

(141087 +15.5x2\"" 6
B= 1+38.743x (6)
where
x = Da~ V33, a=RS/13 (N

Gosele et al. have improved eq. 5 for the long-time
behavior [16] and obtained a modified value of 8

3/4

(8)

In our fitting procedure, D and C, will be float-
ing parameters.

(14547 +4x7
B=|"T5334x

2.3. Distance distribution model without diffusion

We also analyzed the fluorescence data in terms
of distance distributions. In this case the model is
for a single acceptor near each donor, but the
model does not account for D-to-A diffusion.
Assume the decay of the donor (/p(¢)) in the
absence of energy transfer is a single exponential

In(t) =13 exp[u}o] (%)

where 7} is the decay time of the donor. Consider
a single D-A pair in which the acceptor is present
at a unique distance r. The donor decay of this
molecule with a unique D-A distance is given by

Ipa(r,t) =13 exp[ —t/Tp — kDAt]

=R exp[——f—] (10)
DA
The rate of energy transfer is given by
1 { Ry\®
kpa = o ( '7') (11)

with R, being the Forster distance. When an

acceptor is present at a single distance the donor
decay remains a single exponential.

The intensity decay of the donor becomes more
complex if the acceptor is located over a range of
D-A distances, as is expected for our flexible D-A
pairs. Since each individual D-A pair is char-
acterized by a specific distance r, the intensity
decay of each donor is still a single exponential
and is given by

RS

Ipa(r,t)y =713 CXP[-é—é(_r—o) } (12)
However, the observed decay contains contribu-
tions from D-A pairs at all accessible distances,
and is thus more complex than a single exponen-
tial. The intensity decay of the ensemble of D-A
pairs is given by the average of the individual
decays weighted by the distance probability distri-
bution (P(r)) of the D-A pairs

% { t (Ro\'
IDA(t)=IBj(; P(r) CXP[_T_O_T_O(TO) ]dr
D

(13)

In this report we assume that the probability
distribution is a Gaussian

P(r)=o—1§‘/—;e’(p[~%(r—;—7)z] (14)

where 7 is the average, and o the standard devia-
tion of the distribution. We report the widths of
the distributions in terms of the half-widths (hw,
full-width at half-maximum), which is related to o
by hw = 2.3540. We note that the Gaussian may
not be the theoretially correct form for the dis-
tance distribution. However, we found that this
model was adequate to account for the data. It
should be noted that eq. 14 is appropriate for
distributions in which the D-A distances are static
during the donor decay.

At this time we are not able to fit our data
simultaneously to the distance distribution and to
the diffusion coefficient. The presence of diffusion
will be monitored by changes in the apparent
mean distance (7) and apparent half-widths (hw)
of the distributions. The observation of these
changes and correlations between distribution
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parameters and mean diffusion distances (AX)
will be the subject of our data analysis and inter-
pretation,

2.4. Frequency-domain expression

The intensity decays of the donor emission
were measured using the frequency-domain
method [21-23). The experimental values are the
phase (¢,) and modulation (m,) of the emission
over a range of modulation frequencies (w). Irre-
spective of the form of the decay, the frequency
response can be predicted for any I(¢) using

fwl(t) sin wt dt
0

N, = ps (15)
fI(t) d:
0
wI(t)coswtdt
fo (16)
D, = _ 16
fI(t)dt

The calculated (c) phase and modulation values
for the assumed decay law are given by

N,
4. = arctan[F] (17)

me,=[N2+D2]"" (18)

It is informative to analyze the frequency re-
sponses of the donor controls and the D-A pairs
using the multiexponential model,

1(6) = T expl -1/ (19)

where «, are the pre-exponential factors and 7, the
associated decay times. The fractional contribu-
tion of each component is given by f =
«;7,/L 0,7, The parametized form of the donor-
alone decay time is needed for calculation of the
distance distributions [9,10]. Additionally, the
multiexponential analysis of the D-A pair donor
decays reveals the extent of heterogeneity due to
the D-A distance distribution. For the multiex-

ponential model the transforms can be repre-
sented analytically [24]

w,z

(I(O'T

1+ wz'r2 (20)

1+w

where the normalization factor is given by J=
Y,o;7,. For a distribution of D-A distances the
transforms are calculated numerically, using

o P(r

N, = ‘1, _(_Mid (22)
r=0 1+ w 'rDA
o P

D, =1 ————( )on g, (23)

J r= 01+‘°'TDA

where the normalization factor J is given by

J= (j:oP(r) dr)(fowlm(z) d:) (24)

Depending upon P(r) the integral from r=20 to
infinity may not be equal to unity. This integral
will be less than unity when part of the distribu-
tion occurs below 7 = 0. The use of f°P(r) dr in
eq. 24 is equivalent to normalizing P(7) to unity.
For Forster kinetics with and without diffusion
the transforms are also calculated numerically.

3. Materials and methods

The syntheses of the donor control (NMN) and
donor-acceptor pair (NU2D) have been described
previously {25,26]. The quantum yields of NMN
were measured relative to a value of 0.13 for
tryptophan in water at 20 ° C [27]. These quantum
yields and spectral properties of the donor and
acceptor yielded R, values of 23.4-20.9 A, de-
pending upon temperature and/or solvent.
Frequency-domain measurements were performed
on the instrument described previously in detail
[23]. The excitation source was a 3.79 MHz train
of pulses, about 7 ps wide, obtained from the
cavity-dumped output of a synchronously pumped
rhodamine 6G dye laser. The light was frequency-
doubled to 290 nm by a KDP crystal. The light
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source is intrinsically modulated to many giga-
hertz and is used to excite the sample directly. The
modulated emission was detected by using a mi-
crochannel plate photomultiplier tube (R1564U,
Hamamatsu), which was externally cross-corre-
lated. All intensity decays were measured by using
rotation-free polarization conditions, with the
donor emission selected by a 340 nm interference
filter (10 nm bandwidth). For all analyses the
uncertainties in the phase (8¢) and modulation
(8m) values were taken as 0.2° and 0.005, respec-
tively. Sample temperatures were stabilized with
accuracy +1°C.

4. Results and discussion
4.1. Spectral properties

The donor and donor-acceptor pair used in this
study are shown in scheme 1. The control mole-
cule NMN contains only the naphthalene donor.
The decay characteristics of the donor (NMN) are
needed to determine the effects of the acceptor on
the donor decay of NU2D, independent of the
intrinsic decay of the donor.

Emission spectra of the donor NMN and of the
D-A pair NU2D in propylene glycol are shown in
fig. 1. The donor emission is due to the naph-
thalene moiety and is centered near 340 nm. The
emission from the dansyl acceptor occurs near 510
nm, The donor emission is quenched by energy
transfer at 0 and 80°C. At 80°C the energy
transfer efficiency is significantly higher than at

Table 1

Properties of solutions

NMN donor
Propylene Glycol

Acceptor

FLUORESCENCE INT.

/ BT T L

300 400 500 600
WAVELENGTH (nm)

Fig. 1. Emission spectra of the NMN donor and NU2D

donor-acceptor system.

0°C, which was expected as a result of increased
end-to-end diffusion at the higher temperature.

4.2. Properties of solutions

Table 1 describes the relative viscosity and the
expected effects of diffusion for the solutions use¢d
in this study. It should be noted that the dif-
ferences were calculated for assumed radii of 5 A
for both the donor and acceptor molecules, and
ignore the influence of the polymethylene chain
on D-to-A diffusion. We calculated (eq. 1) the
mean distance for diffusion during the lifetime of
the excited state, This lifetime was calculated from
the multiexponential parameters which describe
the donor decay of NU2D. Based upon this analy-
sis the mean distance the donor or acceptor can
diffuse during the donor decay time increases from
3.4 10 162 A as the temperature of propylene
glycol is increased from 0 to 80° C. An alternative
parameter is the relative mean diffusion distance

Solvent Temperature 7 (cP) D (%10 Tem?/s) 7 (ns) ax (A) AX,q
°C)

PG 0 193 021° 278°¢ 3.4 1
20 48.3 0.88 202 6.0 1.76
40 16.7 2.73 122 8.2 2.41
60 58° 8.38 7.7 114 3.35
80 20° 25.76 5.4 162 476

MecOH 20 0.6 71.30 2.0 17.0 5.00

* Calculated using eq. 1 with R =5 A.
® Obtained from extrapolation.

 The mean decay time of the donor decay of NU2D was calculated from the three-exponential analysis (table 2) using
7 =TLa,7? =Lf7, where f,=a,s is the fractional intensity of the i-th component.
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Table 2
Multiexponential analysis of the intensity decays for NMN and NU2D
Solvent Temperature NMN (donor) NU2D (D-A) xR
Q
(GRS T (ns) xf‘ 7. (ns) a; £ 1 2 3
PG 0 65.0 1.4 20° 0.242 0.029
103 0.419 0.258
35.2 0.339 0.713 685.1 15.1 1.4
20 58.3 1.4 2.8 0.274 0.060
10.1 0.428 0.335
26.0 0.298 0.605 461.1 6.1 1.4
40 53.7 1.0 26 0.274 0.082
8.9 0.589 0.595
20.8 0137 (0.323 243.5 4.6 1.1
60 47.3 0.8 19 0.289 0.099
59 0.609 0.641
14.2 0.102 0.260 208.7 4.9 1.9
80 41.3 0.9 24 0.364 0.199
5.6 0.633 0.782
274 0.003 0.019 52.1 1.6 1.4
MeOH 20 244 1.2 04 0.037 0.009
1.5 0.670 0.549
27 0.293 0.442 27.9 1.1 0.9

* The listed amplitudes and decay times are for the three-exponential fits to the donor frequency response.
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In contrast, the intensity decay of the naph-
thalene emission from NU2D is strongly heteroge-
neous (fig. 2) and can be fitted only with three-ex-
ponential decays. This heterogeneity is progres-
sively decreased if the viscosity is lower, as can be
seen from the decreasing values of xg for the
single-exponential fits (table 2). The triple-ex-
ponential parameters in table 2 can be regarded as
representing the time-resolved decay, which can
be compared with predictions of molecular dy-
namics simulations of this system. This effect is
consistent with the predictions by Thomas et al.
[28] for the so-called rapid diffusion limit, where
the donor decay becomes a single exponential.

4.4. Forster kinetics without diffusion

We analyzed the data using the Forster equa-
tion (eq. 2), which does not include the possibility
of diffusion. We reasoned that this nondiffusional
model should provide a modest fit to the data at
low temperatures where the viscosity is high, and
that the fit should become increasingly poorer at
higher temperatures. This trend was found as can
be seen from the increasing values of x% for the
higher temperatures (table 3). The good fit at low
temperature indicates that our use of the multi-
acceptor theory (Forster eq. 2) for our single
acceptor molecule is a reasonable approximation.
Representative low- and high-temperature (fre-
quency responses are shown in fig. 3. At 0°C,
where diffusion is minimal, eq. 2 provides a good
approximation to the measured frequency re-
sponse (®). At 80°C the data (o) are not even
approximated by the Forster equation. It should
be noted that the high-temperature frequency re-

105

~ 100
g NU2D in Propglene
12
g g 75
Lo
W
@5 50
<0
<o
=
%)
a4 25
T 0
= e [-5;-2011%]
0 1 .

§‘+10 XE=  34(e) oose

] =6039 (o} o
w 3 Otw - "Otﬁﬁﬁ—uo' TR
R o o 0o
>~ o N L
: —10 = 1l
S g5 Lesose,. T
Ll o o ° 5
D§ Of-e "":-'-owo'on-.-am:h’%“%n

£os s .

3 0 30 100 300

FREQUENCY (MHz)

Fig. 3. Fits to Forster kinetics without diffusion (¢q. 2) in the
case of high and low viscosity (0 and 80°C).

sponse is compressed along the frequency axis, as
compared to the best-fit Forster curve. This indi-
cates that end-to-end diffusion results in a donor
decay which is more like a single exponential that
can be obtained from eq. 2. The apparent con-
centrations C, recovered from eq. 2 progressively
increase with diffusion (table 3). These data and
analysis demonstrate that end-to-end diffusion is
easily detected from the frequency response of the
donor.

4.5. Forster kinetics with diffusion

The frequency-domain data were analyzed in
terms of diffusion-dependent energy transfer,

Table 3

Firster kinetics without diffusion analysis

Solvent Temperature ( ° C) Ry (A) C, (X1072) (M) G (X107 3 (M) X

PG 0 2342° 7% 38° 34
20 23.00 4.5 52 267
40 22.64 6.1 72 1714
60 2217 8.5 9.4 254.1
80 21.62 9.7 10.9 603.9

MeOH 20 20.90 14.3 152 693.1

* Calculated from emission of donor and absorption of acceptor according to eq. 4.

® Apparent concentration calculated from eq. 2.

° Effective acceptor concentrations calculated from the distance distributions (table 5) and eqs 25-27.
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Fig. 4. Frequency response of NU2D donor-acceptor emission
in methanol and fits to Forster kinetics with ( , ®) and
without diffusion (- - - - - - , O).

according to eqs 5-8 for the models of Yokota
and Tanimoto and Gosele ¢t al. (table 4). The data
for NU2D in methanol (fig. 4) cannot be fitted
using the Forster equations (- - -, 0; x& = 693),
but are well fitted using the model of Gosele et al.
( , 0; xk=6.2). In general, these models
provide an improved and acceptable fit to the data
in all cases where end-to-end diffusion contributes
to the energy-transfer process. The recovered

Table 4

Diffusion-dependent energy-transfer analysis

10’-
NU2D in Propylene Glycol /
v 8
NE ® Gosele et al.
OU 6 X Yokota-Tanimoto }
2 £
o 4 ’
7’
//
P
2k e
,.a(-”
—-"X.g-’

O = 1 L i 1
= 6
(I\? ¥ ¥. ‘
o3 3
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Q it I L 1 ]

o 2 3 7 5
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Fig. 5. Dependence of C, and D (recovered from models of
Yokota and Tanimoto and Gosele et al) with the relative
diffusion and distance in the solution (represented by Ax ).

acceptor concentrations (C,) are relatively stable
(especially in the model of Gosele et al.) and the
diffusion coefficients appear to be reasonable (fig.
5). For instance, at 20 and 80°C, a 5 A sphere is
expected to have diffusion coefficients near 0.09 X
107° and 2.58 X 10 ¢ cm?/s, respectively (eq. 1).
The observed values are about 2-fold higher, 0.14
and 4.59 X 10 ° cm®/s, which is probably due to
the fact that both D and A are diffusing, and the
apparent value of D is the sum of both their
diffusion coefficients. The 100-fold improvement

Solvent Temperature Yokoto-Tanimoto Gosele et al.
O G (%10 5 D (X10°%) 2 Ca (X103 D (xX1079) X2
M) {cm’/5) M) (cm’/s)
PG 0 3.7 0.5-107* 3.7 3.7 0.4-1074 3.5
20 40 0.14 5.8 3.9 0.16 5.4
3Ty 0.24 11.0 3T 0.26 8.5
40 41 0.67 11.8 3.8 0.98 9.8
(3.7 0.92 16.1 BT 1.12 10.1
60 5.1 1.14 15.4 47 1.93 134
37 2.46 41.7 3.7 3.25 26.8
80 33 459 8.2 2.9 8.13 7.9
N 3.77 9.2 37 5.10 142
MeOH 20 3.8 13.6 6.3 3.2 29.99 6.2
3D 14.0 6.2 EN 19.78 6.8

? () indicate fixed parameter.
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[ NU2D in Propylene Glycol

1 L 1 1

c M) x1072
Fig. 6. x% surfaces for D (top, D in cm’/s) and C, (bottom)
recovered from model of Gosele et al.

in goodness-of-fit, as compared with the model
without diffusion, indicates that these models can
describe the time-dependent decays of D-A pairs
with end-to-end diffusion.

It is thought to be difficult to recover the
end-to-end diffusion coefficients due to correla-
tions between the parameters [19]. The ability to
resolve both parameters, C, and D, from the
model of Gosele et al. is shown in fig. 6, which
shows the dependence of xj on the values of C,
and D. To construct these xi surfaces, we held
one parameter constant at the value indicated by
the x-axis, and the other parameter was allowed to
vary to provide the best fit to the data. The
steepness of these surfaces suggests that the

100 DISTANCE DISTRIBUTION
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Fig. 7. Distance distribution analysis for NU2D.

frequency-domain measurements can provide use-
ful data for studies of intramolecular dynamics.

4.6. Distance distribution analysis

We also analyzed the frequency-domain data in
terms of static (no diffusion) distance distribu-
tions. Surprisingly, we obtained excellent fits not
only for solutions with high viscosity, but also for
the fluid solutions (table 5 and fig. 7). The in-
fluence of diffusion on energy transfer is visible
from the changes in the mean distance and in the
shape of the Gaussian profiles, which become
sharper as diffusion increases. The apparent distri-
bution profiles are shown in fig. 8, where the inset
shows the dependence of the center of the distri-

Table 5

Distance distribution analysis for NU2D

Solvent Temperature R, (A) F(A) hw (A) XE
(°0

PG 4] 23.42 18.0 12.4 1.1
20 23.00 17.7 8.5 14
40 22.64 16.8 5.5 14
60 2217 15.5 4.4 20
80 21.62 15.1 2.7 1.4

MeOH 20 20.9 13.6 2.0 0.9
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Pir)

0 10 20 30 40
r(A)
Fig. 8. Distance distribution profiles for NU2D. (inset) Depen-

dence of 7 upon the properties of solutions (represented by
Afrel)-

bution on the relative mean diffusion distance
AX,,. A similar dependence has been found for
the half-width of the distribution (not shown). As
expected, the apparent distribution parameters are
correlated with the molecular diffusion parameter
AX.

The apparent distance distributions recovered
from this analysis allow us to calculate the effec-
tive concentration of acceptor around the donor.
The single acceptor is assumed to be distributed in
an effective volume (7), which is determined by

vP(v) dv
l—,zﬂ__ (25)

fP(v) dv

Recalling that » = 4#7r3/3 and dv = 4nr* dr one
obtains

erP(r) dr
frzP(r) dr

The effective concentration of the acceptor (Cy) is
thus

Cl=1/iN’ (27)

V=57

W &

(26)

where N’ is Avogadro’s number in molecules per
millimole. The acceptor concentrations calculated
in this manner are summarized in table 3. These
concentrations (C,) are in good agreement with
those calculated from the Forster equation without
diffusion, indicating that an increase in the ap-

parent acceptor concentration can partially ac-
count for the effects of diffusion.

The calculated acceptor concentration from the
low-temperature data is not influenced by diffu-
sion, and should therefore be the correct con-
centration at all temperatures. In fact, the accep-
tor concentrations recovered from the diffusional
models were all close to this value (table 4). Ad-
ditionally, the acceptor concentration could be
held fixed at this value with only modest effects in
the goodness-of-fit {table 3).

5. Conclusions

Frequency-domain measurements of a D-A pair
revealed the effects of end-to-end diffusion on the
donor decay law. The data were analyzed in terms
of models which are rigorously correct for multi-
ple randomly distributed acceptors. Consequently,
the recovered parameters are apparent. Nonethe-
less, these parameters clearly reveal the effects of
end-to-end diffusion, as seen by increased ap-
parent concentrations for the Fdrster model, in-
creased diffusion coefficients for the models of
Yokota and Tanimoto and Gosele et al.,, and
compressed apparent distance distributions. The
high apparent resolution of these apparent param-
eters suggests the frequency-domain data will be
useful in studies of intramolecular molecular dy-
namics.
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