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Abstract

sed to study the adsorption and grafting of the pyrene
derivative 1 on different types of silicas. For the adsorbed silicas; the formation of dimeric aggregates is evidenced both
by DRUYV and by fluorescence spectroscopy. The processing, of the UV spectrophotometric data allows, as in solution,
the determination of apparent equilibrium copnstants.and o ihc spectm of the dimer. From these resuhs, two sets of
siliccis are dislinzuished dccordjng to the at

Diffuse reflectance UV-Visible spectroscopy (DRUWV)

shLHcd rclatlvc to that of the monom
and its spectrum is more characteri
Kubelka-Munk function, F(R),
with 1 were undertaken. It ap
DRUYV spectra as a consequ

loading of grafted silica isidi
quired. © 2001 Published by Els

ht concentration. Attempts to estimate the loading of silicas grafted
particle size silica gives rise to the highest loading and 1o the best quality

Keywords: Silica; Adsg

iffuse reflectance UV-Visible spectroscopy

tions, hetrogeneous catalysis [1] or heterogeneous
photosensitization [2]. The characteristics of the
grafted silicas are of utmost importance for these
applications. In the particular case of photo-
chemical reactions, a good knowledge of the sup-
ported photosensitizer concentration is required,
besides the important parameters of the silica it-
self: specific surface area, size of the pores and of
the particles. Microanalysis is most often used for

" Corresponding author. Tel.: +33-5-5992-3078; fux: +33-5-
5980-8344.
E-mail address: sylvielacombe@univ-pau.(r (S. Lacombe).
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this goal. However, when working with weakly
loaded silicas, discrepancies are observed between
the results obtained from the different analyzed
elements [3]. In some cases, specific chemical
analysis may be achieved like for instance acido
basic titrations [4]. More recently, solid state *C
and PSi-NMR [5,6] has allowed the determination
of the grafting yields of various functionalized
silicas. Quantitative determination of the grafting
ratios can also be made by diffuse reflectance infra-
red spectroscopy (DRIFT) [7-9].

Diffuse reflectance UV-Visible spectroscopy
(DRUY) has been most often considered as a tool
for the qualitative characterization of supported
catalysts [10-14] or modified zeolites [15-17]. Few
quantitative analyses) have been performed with
this method [18,19], although they could be pos-
sible using the Kubelka—Munk remission function
[20].

In this work, the use of DRUV spectroscopy
aimed to measure the loading of silica powders
grafted with organic chromophores has been
studied. Pyrene-grafted silicas were chosen due to
their easy synthesis and to their characteristi
sorption and emission spectra. In a preliminary
step, the triethoxysilyl derivative 1 is sim
sorbed on different silica-gels. The DRUV specti
of these adsorbed solids are collected 7
data set for a calibration curve us
mation of the loading of the grafted.
the adsorption study, the infl
particle size on the spectros¢
sorbed chromophore has bes
rescence spectroscopy of 't
been used to evaluate possib
[21,22].

ed samples has
xcimher formation

0
>/~ Nﬂ Si(OE1);

2. Experimental

The silica gels were puichased from Aldrich or
from Fluka (Table.¥)and v 3
after drying 12 h at 1
dried over sodi '

sorbed samples are usually prepared by
mixing‘the inorganic support with a solution of the
cliromophore followed by a slow evaporation of

«, the solvent [19,23]. In order to avoid the formation

“of crystallites on the surface and to mimic the
~ adsorption step occurring at the beginning of a
grafting process, an alternative method has been
used in this work. Solutions of 1 in toluene at
known concentrations are prepared. A known
amount of dry silica is then introduced, and the
mixture is placed on a stirring orbital table for 1 h
at room temperature. The silica is then filtered
under vacuum on a porous glass and dried in an
oven under vacuum at 100°C. The amount of ad-
. sorbed compound 1s deduced by UV spectroscopy,
from the difference between the chromophore
concentrations in the solvent before and after ad-
sorption.

eristics of:ihe silicagels used in_the study

“Particle size (pm)

Specific surface area (m*/g)

Pore size (A) Origin and commercial reference

Siloo 63-210 300
Sil60-1 63-210 500
Si140 63-210 750
S1160-2 <63 500

100 Aldrich 40,360-1
60 Aldrich 28,862-4
40 Aldrich 40,356-3
60 Fluka 60739
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2 2 &R UV and fluorescence spectroscopy

DRUV measurements were made on a Varian
Cary 5 Spectrometer equipped with a Praying
Mantis (ITarrick Scientific Corporation). For each
silica, several measurements _were made and a
mean value of the reflectance (%R) was used in
order to take into account the problems arising
from a possible inhomogeneity of the surface. The
UV range is limited to 250 nm on the high energy
side by the absorption of silica in this region. The
spectra are displayed in F(R) Kubelka—Munk
units, with:

F(R):(];—R]?)_:g (1)

where k& and S are the absorption and scattering
coefficients [24]. This equation only applies to
optically thick samples for which any further in-
crease of the thickness does not affect the experi-
mentally determined reflectance. For an ideal
diffuser, the reflected radiation has the same in
tensity in all the directions.

In the absence of intermolecular interaction
if these interactions are constant, i.e. at lov
centrations

k=¢eC

the adsorbate 1s expected pro 1
tering coeﬂicient S remai 511

Due to the definition of the Kubelka—Munk
function (Eq. (1)), values greater than 25 cannot be
used because reflected light R is less than 1% at this
level and a bad detector response is expected.

In order to obtain quantitative information on
the dimerization process (apparent dimerization
equilibrium constant and adsorption coefficients
for monomer and dimer species), the. sspectropho-
tometric data are processed with the Letagrop-
Spefo program whlch uses the Naw e Raphson

plt-mapplng method to mmumze the | &1‘[‘0[‘6 and to

determine the best param
orescence spectra of the A
measured on the dried powder a
on a SLM Aming6
working in the rati
wavelength at

[25—29] Flu-
mples were
in {ront surface
480008 bpectroﬁuorlmeter
ode dnd with an excitation

s of silica (Table 1) have been used
valuate the influence of the specific
. related to the pore size) and of the

ze, on the spectroscopic features of ad-
and on the grafting yields.

RUV and fluorescence study of adsorbed 1

The DRUYV spectra obtained for Sil60-1 are gi-
ven in Fig. la. In Fig. 1b, the same spectra have
been normalized on the most intense band at 337
nm. In Fig. 2 scaled spectra are given for the other
silicas. The normalization of the spectra allows one

to evidence the formation of aggregates related to

balld_éhnpe deformation or broadening.
The scaled spectra displayed in Fig. 1b for Sil60-
1 and in Fig, 2 for the other silicas deserve the

following comments:

» The spectrum of adsorbed pyrene is close to its
spectrum in solution with a slight hypsochromic
shift (Fig. 3).

» A distorsion of the scaled spectra may be ob-
served at high concentrations, i.e. in the range
4.5-8.9 pmol/g for Sil60-1: the 337 nm band
broadens on the low energy side, while the rela-
tive intensities of the 322 and 308 nm bands on
the high energy side increase. At the same time,
the intensily variation of the band at 262 nm is
less straightforward. Although very characteris-
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> pmol/g

Wavelength (nm)

—1.75

> pmolfg

Wavelength (nm)

Fig. 1. DRUV spectra of the pyrene derivative 1 adsorbed on 8i160-1 at different concentrations. (a) Unormalized spectra. (b) Spectra

NOrme

zed on the intensity of the 337 nm band.

tic for 0-1 (Fig. 1b), Sil100 (Fig. 2a) and
Sil40 (Fig. 2b), these deformations are much
less obvious for Sil60-2 (Fig. 2¢) with smaller
particle size.

e The F(R) scale is very different from one silica
to the other, due to different scattering coeffi-
cients. For the same pyrene concentrations,
the smallest F(R) values are observed for
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(@)
35 1

- 0.89 "\
— 177 ifumol/g
265 |
— 4.41
e - 7
——B.75
—17.99 _

30 A

F(R)

370 390

Wavelength (nm)

pmol/g

F(R)

250 270 290 310 330 350 370 390
Wavelength (nm)

Fig. 2. DRUV spectra of the pyrene derivative 1 adsorbed on different types of silica at different concentrations and normalized on the
intensity of the 337 nm band. (a) Sil100, (b) Sil40 and (c) Sil60-2.

195 Si160-2 ch corresponds to the highest scat- The deformation of the spectra at high concen-
196 tering coeflicient. tration may be related to the possible formation of
aggregates. These observations are substantiated
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w089 7
=TT
—— 2,85
—4.41
e B,32
— 875
—17.89 J

l\ umollg

F(R)

250 270 290 310 330 350 370 390
Wavelength (nm)

(0
4 -

3.5 1 273

F(R)

(®)
25 - 338

20 A

pmolig

F(R)

10 4

250 270 290 310 330 350 370 390
Wavelength (nm)

250 270 290 310

330

Wavelength (nm)

by the fluorescence sp:
sorbed samples Sil6)

¢cimeric emission is probably
the resultof the close proximity of molecules ad-

s aggregates on the surface: this emission

emission For both silicas, two sets of curves
are obtained. For Sil60-1 (Fig. 4a), in the range
0.90-1.75 pmel/g, the amount of aggregates, indi-
cated by the broad featureless “excimer-like”” band

Fig. 2 (continued)

is small and increases slightly with concentration.
In the range 2.7-8.9 pmol/g, excimer formation is
. more obvious, but its concentration reaches a
maximum at 6.2 pmol/g. The same observation
still holds true for Sil60-2 (Fig. 4b) but the ag-
gregates emission is only significant after reaching
higher concentrations ranges (6.82-9.11 umol/g).
In Fig. 5, the intensities of the excimer band at 472
nm relative to that of the monomer at 375 nm are
given for both silicas (black lines), and it appears
that excimer formation occurs at_a somewhat
lower concentration for Sil60-1 than for Sil60-2. In
the same figure, the ratio of the relative intensities
of the bands at 375 and 394 nm (grey lines) is
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©
4 338
---0.427
——0.88
3.5 1
&3 —2.15
5 «- 3.02 pmollg
——4.43
——6.82
——8.11
;
0 T T T T
250 270 310 330 390
Wavelength (nm)
Fig. 2 (continued)
4 -
275 341
3.5 1
3 -
9.5 325
S 264
§ 7
o
5151
% 312
'( .
0.5 1
0 T T T T ™ T
250 270 310 330 380 370 390

Fig. 3. UV spectrum of the pyrene derivative 1 in CH3CN solution.

Wavelength (nm)
| { :j" =

PN

thus coherent and again indicative of a greater

shown to rease slowly for Sil60-1, while no
significant change is recorded for Sil60-2. This
ratio i1s known to decrease when the medium po-
larity decreases [21,22,30]. Our observations are

proximity of the pyrene molecules 1 for Sil60-1
than for Sil60-2.
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$
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»
I
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o
N

Wavelength (nm)

Fig. 4. Normalized fluorescence spectra of the powdered pyrene derivative 1 adsorbed on (a) Sil60-1 and (b) Sil60-2 at different

while in thé same concentration ranges excimer-
like emission is rising up in the fluorescence spec-
tra. It probably follows that fluorescent aggregates
are formed on the silica surface for concentrations

around 2.7 pumol/g for Sil60-1 and 6.82 pmol/g for
Sil60-2. In other words, the excimer-like emission
is related to the intermolecular ground state asso-
ciation as already observed from fluorescence ex-
periments [31,32].
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Fig. 5. Relative intensities of the fluorescence bands. (@) L /I

3.2 IQuannftatiue model of aggregation from DRUV
data

As already proposed in the literature [19], a di- If:a
merization model may be assumed 8 plied, 1e. if 8KpCy is small, then F(R)

£p
My =2 (Mz)ﬂd
(6)

where Kp is an apparent equilibrium consta
lating the monomer M,y and the dimer. (M
concentrations. At the solid interface, €0
solutions, there is no actual equilibri
adsorbed species. Accordingly K;
sidered here only as a constant fé
and dimer concentrations ofs
surface.

If Cy is the mitial p

i As expected, it follows that at a given wavelength,
the curve giving F(R) versus the concentration
should be a straight line passing through the origin
at low concentrations and inflecting its shape at
higher concentrations.

The whole set of F(R) data at different concen-
trations for each silica was processed with the
Letagrop—Spefo program [25-29], which adjusts
the equilibrium constants and the absorptivities.
The Kp values was calculated at several wave-
“lengths in the 265-278 and 330-340 nin ranges of

high absorptivity. The resulting constants are gi-
ven in Table 2, and the relative monomer and di-
imerization model: mer concentrations deduced from Kp for each
silica are displayed in Fig. 6. For the silicas with
the same particles size, Kp follows the reverse pore
size order, increasing from 4.6 x 10 mol/g for
Sil100 to 13 x 107 mol/g for Sil40: the dimer con-
g " centration thus increases progressively when the
F(R) = ?DCH + (1+ 8KnCy)'? pore size decreases. When comparing the silicas
with the same pore size, Sil60-1 (8 x 10* mol/g)

(5) and Sil60-2 (1.8 x 10* mol/g), the smallest constant
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Table 2

Caleulated apparent equilibrium constants Kp (mol/g) and maxima absorption wavelengths of the monomer and dimer of 1 adsorbed

on different silicas

Silica Ky Ay ()
Monomer

Sil100 4.6 x 10¢ 262, 272, 308, 322, 337
Sil60-1 8 x 107 262, 273, 322, 338
Sil40 13 x 104 263, 273, 309, 323, 338
Sil60-2 1.8 x 107 262, 273. 310, 322, 338

8 -

——Sil40
= Sl st — monomer
61 —eSilGo-1 ... dimer ’r/)__,-

- §ijl100

w

o]
L

Monomer or dimer
concentralion (umol/g
S

—x n
1 '

[=]
1

Initial concentration of pyrene derivative 1 (umol/g)

Fig. 6. Relative monomer and din

is obtained for the silica with the s
size: Sﬂ60 2 presents the lowest

conoentraﬂon is lowest w
size or a small p‘;ﬁcle i

The obtained abs
length allow to plot

monomer Speﬁ%r' i
identical with.

avelengths are all bathochro-
ersus the monomer. On the other
hand, the' ve intensities of the dimer bands
vary {Tom case to case and, in particular, in the 310
nm range, a broad band noticeably increases when
the pore size decreases (Fig. 7a-c). The intensity of

for different silicas at several adsorbale ratios,

this band remains weak for the small particle size
silica Sil60-2 (Fig. 7d). It is to be noticed that the
obtained dimer spectra are not modified if the
highest concentration spectra are omitted in the
data processing. This result implies that higher
order aggregates are not necessary to explain the
observed evolution of the relative intensities of the
bands: the dimer model is thus validated.
According to these observations, it may be as-
sumed that different kinds of dimers occur de-
pending on the silica morphology, pore size or
particle size. It is well known that two molecules
forming an excimer are arranged in parallel or
near-parallel pairs [33]. Fujii et al. [32] already
reported that relative configurations of neighbor-
ing pyrene molecules, depend on the pore size: as
the pore size decreases, the dimers tend to have a
face-to-face or sandwich configuration. Similarly,
our results on Sil100, Sil60-1 and Sil40 with pore
sizes of 100, 60 and 40 A respectively may be ac-
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(a)
6E+06 7
---- Dimer Sil100
—— Monomer Sil100
4E+06 T
2
=
2
o
w
Eal
<
2E+06
OE+00 s T
250 270 290 310 330 350 370 390
Wavelength (nm)
(b)
4e+064  =eea Dimer Silé0-1
X —— Monomer Sil40-1
2
=
2 2E+06
[=]
(1))
a
<
0E+0Q0 = T

250 270 290 310 . 330 350 370 390
Wavelength (nm)

Fig. 7. Caleulated UV spectra of the monomer and dimer of 1 on different silicas, Absorptivity & = ¢/§ and includes the scattering
coefficient S (Eq. (5)). (a) Sil100, (b) Sil60-1, (c) Sil40 and (d) Sil60-2.

size Sil60-2, where the aggregates were seen to be

counted for by different relative overlapping situ-
formed at higher concentrations, the spectrum

ations of the pyrene-pairs. For the small particle
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Monorrer Sil40
T SR LT Dirrer $il40

(d)
1E+06

5E+05 A

Absorbtivity

0E+00

Wavelength (nm)

== == Dirrer Sil60-2
—— Monomer §il60-2

250

distortion is the weakest of the series and only a
slight red shift of the spectrum (4—6 nm) is ob-

310 330 350 370 390

Wavelength (nm)

Fig. 7 (continued)

it = e

served relative to that of the monomer (Fig. 7d).
This may might indicate that in this case, eithel;_lhe

T
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dimer configuration is no longer face-lo-face or
that the shift is due to a change in the nature of
local adsorption site environment, as for instance a
different number of Si-OH per unit area [31] in the
S1160-2 (Fluka) relative to the other silicas (Ald-
rich). On the other hand, for the small pore size
silicas Sil60-1 and Sil40, the enhanced intensity of
the 310-318 nm band may be related to the for-
mation of type H (face to face or sandwich) ag-
gregates [19]. In any case, Sil60-2 should be
obviously preferred in order to avoid aggregates
formation.

~
3.3 Quantitative determination of 1 grafted on
different silicas

The experimental points giving F(R) versus the
concentrations for the different silicas used for the
calibration have been fitted according to Eq. (5) at
three maximuin absorption wavelengths: 273, 323
and 338 nm (Fig. 8 at 337 nm for example). It may
be noticed that the fit can be used over a large
concentration range for Sil60-1 and Sil60-2, as

F(R) only smoothly increases with the concemra-'

tion. However, for Sil100 and Sil40, F(R)
too large at about 10 pmol/g so that
measurements are no longer possible
perimental points are correctly fitt
deviation from the calculated cuf
served for Sil-100. As expected fro

254

o Sil 60-2
e Sil60-1
20 A .
= Sil100 '
I”.
< Sil 40 2
15 - ’,‘ e
T o - ’
reg P

curves obtained show a limited linear part at low
concentration (below 3 pmol/g except Sil60-2 for
which the curve is linear up to 7 pmol/g) and a
deviation from linearity at higher congentration.
These fitted curves can be used on the whole
concentration range to evaluate gt‘fifted silicas
provided that the :;pectra of adeorh d or grafted

silicas are dlqplayed in
are noted with a letter
tinguish them from:ag
series, i.e. grafte
F(R) spectra ar entlml to lhose ot ad-
i “goncentrations. This im-

ctra of adsorbed and grafted samples in
concentration range only holds true for

8111007 (Fig. 9b) and Sil60-2 (Fig. 9d). On the

comtrary, the spectra of Sil40 G2 (Fig. 9a) and

+.Sil60-1 G2 (Fig. 9c) obviously deviate from those

of the adsorbed samples. The fluorescence spectra
of all these high concentration samples are roughly
similar to those of the adsorbed samples, showing
high ratio of excimer-like emission around 470 nm,

0 2 4 6

T T T T 1

8 10 12 14 16

Concentration (umol/g)

Fig. 8. Experimental points and fitted curves giving F(R) versus the concentrations of adsorbed 1 for different silicas at 337 nm.
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except Sil60-1 G2 for which the maximum of the
excimer-like emission is shifted to 490 nm. In the
case of Sil40 G2 and Sil60-1 G2, this may reflect
different host-guest interactions and/or, for these
high concentrations, different degrees of aggrega-
tion. Alternatively, some hydrolysis and polymer-
ization reaction of 1 during the grafting step,
leading to the formation of polymeric species on

the surface could account for these deviations,
especially for Sil60-1 G2. In these two latter cases,
it is excluded to obtain a consistent determination
of the loading from the DRUYV calibration curves
presented previously. Accordingly, the. grafting
yields for Sil40 G2 and Sil60-1 G2 have been
thrown out in the following, %% '

25 -
------ 1.78
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Fig. 9. DRUV spectra of the pyrene derivative 1 grafted on silica compared to spectra of 1 adsorbed on silica at selected concen-

trations: (a) Sil100, (b) Sil40] (c) Sil60-1 and (d) Sil60-2.
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For all ther grafted samples, a quantitative
determination has been made at each wavelength
already used for the calibration procedure (273,
323 and 338 nm). The results are displayed in

Fig. 9 (continued)

Table 3 together with the concentrations of 1 in-
troduced in the solvent for the grafting step [22].
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Table 3

Caleulation of the grafting yields of pyrene derivative 1 on different silicas, using Eq. (5)
Reference of  Pyrene 1° F(R)1p Pyrene 1° F(R)xs Pyrene 1° F(R)i74 Pyrene 1° Gralting
the silica (pmol/g) (nmol/g) (323) (nmol/g) (337) (wmolfg) (273)  yields
Sil100 G1 26 2.95 1.0 497 1.2 2.97 L0 4144
Sil100 G2 25 15.20 6.3 19.67 5.8 15.34 S22
Sil60-1 G1 3.0 3.51 24 5.46 29 4.08 B0+ 15
Sil40 G1 27 1.35 0.4 1.98 0.3 1.71 1442
Sil60-2 G1 24 0.45 1.4 0.72 1.4 0.57 60
Sil60-2 G2 24.5 5.73 21.6 8.13 238 743 93+4

*Concentration of pyrene 1 used in the grafting process.

® Concentration of pyrene 1 calculated with measurements at the indicated wavelength (nm).

Except for the cases of Sil60-1 G1, the confi-
dence limits for the calculated grafting yields are
found to be below §%.

In the case of Sil-100, the grafting yields de-
crease from 41% to 25% (1.1 and 6.3 pmol/g of
grafted 1 for Sil100 G1 and Sil100 G2 respectively)
in spite of the fact that the concentration of 1 has
been increased, owing to the saturation of the
grafting sites on silica.

High grafting yields are obtained for Sil60. For
Sil60-1 G1, the results vary significantly between
the three considered wavelengths (2.0-2.9 vk
for Sil60-1 G1). This inaccuracy is related to the

slight dev1at1on of the spectrum of the: graftﬁd

dicating that the surface silanols
even at high concentration.

ora.ftmcr yleld (14%).

No clear-cut ex
count for the resuli
the deviation rel

angtion o.m be given to ac-
1 Sil60-1 G2 and Sil40 G2: is
ed to higher-order aggregates or
to hydrolysis# lymenzatmn reactions of 1
before graft'ncr'? e preliminary results indicate
that th adsorbed triethoxysilyl derivative 1 can be
afted spontaneously at room tem-
pemtnre Urider these mild conditions, hydrolysis
and po]ymenzatmn reactions of 1 before grafting
are thus unlikely. If this can be confirmed, a better
control of the loading might be possible since
calibration and grafting should be run under

similar conditions. Further experiments are being
carried out tg verify this proposal.

In any case, the DRUYV spectroscopy appears as
a very useful toc:l to assess qualitatively and
quant' ively organic adsorbates on silica, espe-
w. concentration domains where other
more ueual melhods are rather inaccurate,

4. Conclusions

This study further confirms that DRUV is a
% powerful technique to evidence qualitatively the

- interactions between molecules adsorbed on an
inert substrate like silica. This work moreover
demonstrates that a quantitative treatment of the
data is also possible even at high concentrations,
provided that the sampling methods and recording
conditions are carefully controlled. By extension of
a well known processing of the spectrophotometric
data in solution, the relative dimer and monomer
concentrations as well as their respective spectrum
in the adsorbed state may be derived.

" This set of results yields a calibration curve
giving F(R) versus the concentration of adsorbed
species, against which the signals of the same
species grafted on silica can be evaluated. Grafting
ratios, hardly obtained by other techniques, are
thus available and the method appears especially
sensitive at low or very low loading.

These results also give some indications for fu-
ture uses of grafted photosensitizers in photo-
chemical applications. A silica with small particle
size or large pore size should be preferred to avoid
excimer formation. Furthermore, in order to use
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the DRUV determination method, small particle
size silica offers an additional advantage such as a
reduced F(R) scale owing to a large scattering
coefficient.

Finally, the general grafting method used in this
study leads to poorly controlled loading at high
concentration. In some cases, unexplained defor-
mation of the spectra relative to those of adsorbed
samples are observed. Some improvement in the
synthetic method is thus under investigation.
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