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The highly solvatochromic probe “Fluoroprobe”, which to a quite homogeneous distribution of the probes without
extensive local clustering. On silica the probe experiences afluoresces in a wide range of the visible spectrum, was

covalently attached to silica and alkylated silica particles to local dielectric constant of ε = 6, while its solvent accessibility
is ca. 30%. On alkylated silica this reduces to ε = 3.4 and ca.study solvent accessibility and surface micropolarity. A two

step attachment method was used which was found to lead 23% respectively.

Introduction

In various earlier studies the surface properties of silica
and alkylated silica particles, which are e.g. basic compo-
nents of many chromatographic systems, have been investi-
gated with the use of covalently attached[126] or strongly
adsorbed[7210] fluorescent probes. Typically, the quenching
of the probe by quenchers dissolved in the surrounding sol-
vent has been employed to gain information about the ac-
cessibility of the surface-bound probe and about the dy-
namics of the quencher at that surface.

In principle it is also possible to determine directly the
solvent accessibility, without the use of an additional
quencher, by employing a solvatochromic fluorescent probe. Scheme 1. Structures of FP and MFP
For this purpose the fluorogenic system Maleimidofluoro-
probe (MFP), developed recently in our laboratory[11], is in
principle well suited because it contains the maleimido Results and Discussion
group that allows easy attachment to various reactive
sites [12] [13] and because the resulting adducts show ex- Covalent Attachment of Fluoroprobe on Silica and
tremely solvatochromic intramolecular charge transfer flu- Alkylated Silica
orescence. Thus the adduct of e.g. isopropylamine and
MFP was reported to undergo a shift in fluorescence wave- A typical chromatography grade silica (Acros, particle di-

ameter 0.03520.07 mm) was surface-functionalized withlength from 411 nm (blue) in n-hexane to 666 nm (red) in
acetonitrile. the Fluoroprobe (FP) label at two different concentrations

indicated as FP1, and FP2. This was achieved (see SchemeThis behaviour is identical to that of the parent system
Fluoroprobe (FP) for which it was established that exci- 2 and experimental) by first functionalising the silica with

(3-aminopropyl)trimethoxysilane followed by reaction withtation leads to a strongly fluorescent intramolecular charge
transfer state in which essentially one electron has been MFP.

As can be seen from the analytical data compiled in Tabletransferred from the aniline donor unit to the cyanonaph-
thalene acceptor unit[14216]. Solvation of this dipolar state 1, the amount of probe introduced in FP2 is about ten times

that in FP1. This implies that at least in the latter manyis responsible for the strong solvatochromism of the fluo-
rescence emerging upon charge recombination. reactive sites for further derivatisation are still available.

This is substantiated by the fact that reaction of a batch of
FP1 with an excess of octadecyltrichlorosilane (see Exper-[a] Laboratory of Organic Chemistry, IMC, University of
imental Section) allowed us to obtain a silica (RFP1) inAmsterdam

Nieuwe Achtergracht 129, 1018 WS Amsterdam, which extensive alkylation has taken place without remov-
The Netherlands ing the FP probes. The extensive alkylation of RFP1 is notFax: (internat.) 131-20/ 525-5670
E-mail: jwv@org.chem.uva.nl only evident from the analytical data compiled in Table 1
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Scheme 2. General procedure for the attachment of the probe to
the silica surface

but also from the very hydrophobic nature of these particles
that 2 in contrast to FP1 and FP2 2 float on water.

Figure 1. Diffuse reflectance spectra of FP1, FP2, and RFP1 as
It should be noted that we have determined the surface well as the difference spectrum FP2-FP1

area of all modified silica9s separately by mercury porosi-
metry (see Experimental Section). As evident from Table 1 discussion on solvent accessibility and local polarity. It
this is quite important because it turns out that the chemi- should be noted, however, that in contrast to their absorp-
cal treatment has a significant influence on that surface area tion spectra FP1 and FP2 displayed similar fluorescence
(see Table 1). spectra. This is probably because fluorescence only derives

from isolated FP sites while sites at which two or more FPTable 1. Analytical data for MFP modified silica9s and surface
units interact to modify the absorption spectrum are non-coverage calculated therefrom (see Experimental Section)
fluorescent.

FP1 FP2 RFP1
Table 2. Fluorescence data for FP, FP1, and RFP1 in various sol-
vents

probe concentration from C 2.7 26 8.8 (R)
content (weight%)

∆f ε FP FP1 RFP1probe concentration from N 2.8 29 1.4 (FP)
λmax λmax λmaxcontent (weight%)
in nm in nm in nmaverage probe concentration 0.055 0.475 0.349 (R)

(mmol of probes per gram) 0.031 (FP)
Surface area (m2 per gram) 157 80 50 n-hexane 0.092 1.88 407 498 470
Average surface area available 475 14 38 (R) cyclohexane 0.100 2.02 410 500
per probe (Å2) 270 (FP) trans-decalin 0.110 2.17 496

benzene 0.116 2.28 508
di-n-pentyl ether 0.171 2.77 474

Since FP itself is nearly colorless we were surprised to di-n-butyl ether 0.194 3.10 465
ddiisopropyl ether 0.237 3.88 490find that FP2 displays a strong yellow color. From the dif-
diethyl ether 0.251 4.20 513 544 488fuse reflection spectra (see Figure 1) it is evident that this ethyl acetate 0.292 6.02 571 550
tetrahydrofuran 0.308 7.58 571 560yellow color is related to an absorption band with a maxi-
dichloromethane 0.319 8.93 578 502mum in the visible (ca. 450 nm) that cannot be accounted
acetonitrile 0.393 37.50 694 596 516

for by the well documented absorption properties of the water 0.405 78.39 586 480[a]

isolated FP system[14] [16]. We think that the most likely ex-
[a] Floats on water.planation for this phenomenon is the occurrence of inter-

molecular ground state charge-transfer interaction in FP2
Fluorescence maxima of FP, FP1, and RFP1 in a rangebetween the donor of one and the acceptor of another, ad-

of solvents are compiled in Table 2. In this table solventsjacent FP system. This is not unexpected because as can be
are arranged according to increasing solvent polarity as ex-seen from the data in Table 1 the FP units in FP2 must be
pressed by the polarity parameter ∆f, which is defined[17] inquite closely packed with an average of one probe on 14
terms of the dielectric constant ε and the refractive index nÅ2. We will return to this problem below, where we use
as: ∆f 5 (ε 2 1)/(2ε 1 1) 2 (n2 2 1)/(4n2 1 2).another probe (pyrene) to study surface aggregation.

In all cases the fluorescence undergoes a significant red
shift upon increasing solvent polarity. We now compare the
solvatochromic behaviour of FP1 and RFP1 with that ofSolvent Accessibility and Local Polarity Effects for
Fluoroprobe (FP) itself. It has been found that the fluo-Surface-Bound Fluoroprobe on Silica and Alkylated
rescent wavelength of the latter is not significantly influ-Silica
enced by the presence of the succinimide bridge that arises
upon coupling of MFP to an amine and therefore FP itselfBecause of the evident interprobe effects in FP2 we will

not use the fluorescence data of this sample in the following provides a convenient model for the behaviour of this flu-
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orophore in a homogeneous solvent. Comparison between Thus we find for FP1 p 5 10321/33901 5 0.30 and for

RFP1 p 5 7730/33901 5 0.23.FP, FP1, and RFP1 is made by plotting (see Figure 2) the
position of the fluorescence maximum (ν in cm21) as a It is interesting to note that already in FP1 the solvent

accessibility seems to be less than p 5 0.5, the value onefunction of the solvent parameter ∆f[18221]. The so called
Lippert2Mataga (LM) plots thus obtained are linear, indi- would expect for a probe on a flat surface. This suggests

that part of the probes in FP1 is bound in recessed locationscating that the dipole moment of the emissive state is sol-
vent independent. This is as expected for the confor- (pores, valleys). The further decrease of the solvent accessi-

bility in RFP1 is of course in line with expectation and sub-mationally well defined FP fluorophore, for which it has
been firmly established[14] [22] that the emissive state has a stantiates the high surface coverage of the silica with alkyl

chains that was calculated from the analytical data fordipole moment which is 27 ± 2 Debije larger than that of
the ground state. RFP1 (see Table 1).

Another interesting parameter that can be derived from
the plots in Figure 2 via application of Equations (1) and
(2) is the effective polarity of the silica matrix, ∆fM. Evi-
dently ∆f ; ∆fM at the crossing point of the LM plot for a
modified silica with that for FP. From this we find that
∆fM 5 0.29 for FP1 and ∆fM 5 0.21 for RFP1. This corre-
sponds e.g. closely to the ∆f values for the solvents ethyl
acetate (∆f 5 0.292) and di-n-propyl ether (∆f 5 0.213)
which have a dielectric constant of ε 5 6.02 and ε 5 3.39,
respectively. The latter is rather close to that of saturated
alkanes (ε ø 2) and testifies the significant shielding of the
FP probes by the alkane chains in RFP1. In this connection
it is interesting to note that for RFP1 (but not for FP1)
water is a clear outlyer in the LM plot (see Figure 2) with a
fluorescence maximum corresponding to a solvent of much

Figure 2. Lippert2Mataga plots for Fluoroprobe (FP) in a series
lower polarity. This shows that the accessibility of the FPof solvents and the modified silica9s FP1 and RFP1 dipersed in

these solvents. The data point for RFP1 in water is indicated in probe in RFP1 is much lower for water than for the other
brackets and was not used in the calculation of the regression line. solvents for which it has a constant value of about 23% as

estimated from the slope of the LM plot (see above). AsThe Lippert2Mataga Equation (1) underlying the plots
already mentioned earlier this is also evident from the lowin Figure 2 has been derived for a point dipole (µ, in Debije)
wettability of the RFP1 particles that actually float onoccupying a spherical cavity with radius ρ (in Å) in a con-
water.tinuous dielectric medium. In Equation (1) ν0 is the fluo-

rescence maximum (in cm21) for the gasphase isolated mol-
ecule.

Probe Distribution as a Function of the Degree of
Surface LoadingEquation (1) can thus be applied to describe the behav-

iour of FP in a homogeneous solvent, but for FP1 and
RFP1 it should be modified to take into account that only As mentioned in the preceding section the probe concen-
part of the solvation shell around the FP fluorophore can tration in FP1 and RFP1 was kept rather low because at
be occupied by the solvent while the rest is apparently occu- higher loading in e.g. FP2 indications for strong inter-probe
pied by the silica or alkylated silica matrix (in FP1 and interaction were obtained from the diffuse reflectance spec-
RFP1, resp.). Under the assumption of additivity Equation trum (see Figure 1).
(1) can then be modified to Equation (2), in which p is the In order to obtain more information about the probe dis-
fraction of the solvation shell accessible to the solvent and tribution, resulting from the present method of attachment,
∆fM is the effective polarity of the matrix that occupies the we prepared a number of samples in which the same sur-
rest of the solvation shell. face-probe linking method is employed that was used for

FP1 and FP2 (see Scheme 2), but in which the reagent MFP
in the last step was substituted by the also fluorogenic re-
agent N-(1-pyrenyl)maleimide.Equation (2) implies that the solvent accessibility, as

measured by p, of the FP probes in FP1 and RFP1 can This provided the samples P1, P2, and P3 with increasing
surface loading of a fluorescent pyrene unit. The well-directly be derived from the ratio of the slopes of the LM

plots obtained for FP itself and each of these modified sil- known strong tendency of these units to form a fluorescent
excimer[23] can now be employed to detect via fluorescenceica9s and that this accessibility must be greatly reduced to

explain the much smaller slopes of the LM plots for FP1 spectroscopy the presence of probes that are within close
range.and RFP1 as compared to FP.
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In Table 3 analytical data for the P1, P2, and P3 samples

are given as well as the inverse surface density (Å2 per
probe) calculated therefrom. The area that a pyrene unit
can occupy varies between ca. 30 and ca. 100 Å2 in respec-
tively a perpendicular and a parallel orientation. It is thus
clear that while they must be closely packed in P3, in P2
and especially in P1 most of the pyrenes should have a quite
large distance from each other preventing excimer forma-
tion provided that they are statistically distributed.

Figure 4. Ratio of monomer (at 375 nm) and excimer fluorescence
(at 500 nm) for P1, P2, and P3 as a function of the area available
per probe

tively. From the regression a value of R 5 3.7 Å is calcu-
lated. This is a very acceptable value for excimer formation
between two aromatic species[2] [23] and together with the
linearity of the plot obtained therefore strongly indicates
that our two-step covalent linking scheme leads to a fairly
statistical distribution of probes over the available surface
area.

Table 3. Analytical data for pyrene modified silica9s and surface
coverage calculated therefrom (see Experimental Section)

Figure 3. Fluorescence spectra of P1, P2, and P3 in cyclohexane
(spectra were obtained by excitation at 320 nm) P1 P2 P3

The fluorescence spectra of P1, P2, and P3 in cyclohex-
probe concentration from C content 0.06 0.4 4.2

ane are displayed in Figure 3. As predicted, the structured (weight%)
probe concentration from N content 2 0.1 2.8monomer fluorescence of pyrene is dominant in P1 while in
(weight%)P3 this is almost completely quenched and substituted by average probe concentration (mmol of 0.0016 0.0079 0.11

the red-shifted and structureless excimer fluorescence at probes per gram)
Surface area (m2 per gram) 18 30 67480 nm. The situation in P2 is intermediate with both ex-
Average surface area available per 1908 480 102cimer and monomer fluorescence clearly present. probe (Å2)

It should be noted that pyrene has extensively been used
as a luminescent probe on silica. In at least one case it was

As noted by one of the referees the average area available
noted that covalent attachment leads to modified silica9s in

to each probe molecule is very similar in FP1 (475 Å2, see
which the probes tend to be clustered predominantly into

Table 1) and in P2 (480 Å2, see Table 3). In the latter system
regions of high density. However, in that case the reagent

some inter-probe interaction is detectable from the contri-
molecules that react with the silica already contain the py-

bution of excimer emission (see Figure 3) and because of
rene units [2], which might induce such clustering via their

the similar probe sizes it is thus feasible that some inter-
π-π interaction. In our case (see Scheme 2) a two-step pro-

probe interaction could also occur in FP1. That this is not
cedure is used, which could avoid this, and was therefore

evident from the spectroscopic data of FP1 must be due to
expected to lead to a more homogeneous probe distri-

the fact that (in contrast to P2) it does not lead to a new
bution.

emission band but only causes some quenching of the intra-
In order to analyse this in more detail we note that for a

molecular CT fluorescence of those FP fluorophores that
statistical distribution the fraction of pyrenes that can form

happen to be in direct contact. Inter-probe interaction was
excimers can be approximated as E 5 1/2(πNR2) in which

evident from the absorption data of FP2 as discussed above,
N is the number of pyrenes per unit area and R is the maxi-

but this is of course a much less sensitive tool than fluo-
mum centre to centre distance at which excimer formation

rescence and requires a much higher fraction of the probes
still occurs. If so, the intensity ratio of monomer and ex-

to be involved
cimer fluorescence (IM/IE) is given by Equation (3):

Experimental Section
In Equation (3) ΦE/ΦM is the ratio of the excimer and UV-Vis reflectance measurements were recorded on a Cary 3E

monomer fluorescence quantum yields. spectrophotometer using an integrating sphere attachment. Fluo-
rescence spectra were recorded on Spex Fluorolog II and SpexIn Figure 4 we now plot for P1, P2, and P3 as a function
Fluorolog III spectrofluorometers.of 1/N (i.e. the area available per probe) the fluorescence

intensity ratios at 375 nm and 500 nm where the fluo- For elemental analysis measurements a Vario EL was used. Both
carbon and nitrogen mass fractions were measured for all samples.rescence is dominated by monomer and excimer respec-
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For FP1 and FP2 these values were divided by the mass fractions propyl)trimethoxysilane and 1 mg (3.4 mmol), 3 mg (10 mmol),

and 18 mg (61 mmol) N-(1-pyrenyl)maleimide were used, respec-of the specific atom in the probe, including the silane amine spacer
(0.714 for C and 0.111 for N), to obtain the mass fraction of the tively.
probe. For P1, P2, and P3 the same calculations were used, the
mass fraction C and N of these probes is 0.719 and 0.073, respec-
tively. For RFP1 the measured nitrogen mass fraction was used to Acknowledgments
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