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The adsorption equilibria of proton accepting and donating analytes on porous silica beads applicable as
stationary chromatographic phases were investigated by UV/vis absorption spectroscopy. Fluorescence
spectroscopy was utilized to characterize the nature of the species formed at the silica surfaces after
adsorption. In order to control the equilibria and states of adsorption the active silanol surface centers
were partly shielded by adsorbed water or by two types of polymeric coatings, (i) polymerized 1,4-
divinylbenzene (DVB) with loadings of 200 mg and 500 mg DVB/g silica, respectively, (ii) polymerized
N,N’-diallyl-L-tartardiamide bis-(4-tertbutylbenzoate) (TBB) with a loading of 135 mgTBB/g silica. Acri-
dine orange, 1,2,7,8-dibenzacridine, 3,4,5,6,-dibenzacridine, and lumichrome were used as fluorescent
analytes with proton accepting or donating nitrogen centers. The fluorescence anisotropies show that the
adsorbed species at the uncoated silica surface are highly immobilized. Coating considerably reduces the
equilibrium constants of adsorption. polymerized N,N’-diallyl-L-tartardiamide bis-(4-tertbutylbenzoate)
works much better than polymerized 1,4-divinylbenzene. In the latter case a large amount of polymer is
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necessary in order to produce a significant effect.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silica beads with diameters ranging from 10nm to 100 wm
are widely used e.g. as filling materials, adsorbents, catalytic sup-
ports, or stationary chromatographic phases. Nonporous, densely
packed beads are obtained by flame hydrolysis (Aerosils), highly
porous beads by liquid phase condensation. The condensation pro-
cess leaves back some bulk water and silanol groups that cover
almost the whole external and internal surfaces of the beads. In
chromatography, silica-based materials have some disadvantages
for the analysis of basic compounds because of the strong acid/base
interaction between these compounds and the silanol groups of the
support [1,2]. This type of interaction leads to tailing of the peaks
in the chromatograms [3]. In order to overcome this unwanted
effect, the mobile phases were optimized by careful adjustment of
pH or addition of ionic substances [4,5]. However, ionic additives
provide coverage of only one third of all the silanol groups [6-8].
Improved separation selectivity can also be obtained by tailoring
the properties of the column packing materials [9,10]. End-capping
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is a process, whereby short-chain chlorosilanes are used to cover
the silanol groups. However, even this process leaves some of the
silanol groups unreacted. It is also possible to coat silica parti-
cles by means of a physically adsorbed polymer [11-13]. Hence,
a reduction of unwanted analyte-silanol interactions is expected
[14,15]. Polymer resins with a low degree of cross-linking suf-
fer from mass transfer limitations as well as swelling problems,
which can lead to poor chromatographic performance [16]. On the
other hand, highly cross-linked styrene-divinylbenzene copoly-
mers are generally less permeable for organic solvents and will
therefore not swell to the same extent [17,18]. Therefore a thermal-
initiated radical polymerization of pure styrene-divinylbenzene
using dibenzoylperoxide as an initiator was used to coat porous
and nonporous spherical silica particles [19,20]. N,N’-diallyl-
L-tartardiamide bis-(4-tertbutylbenzoate) covalently bonded to
Kromasil silica and crosslinked, has been used to separate enan-
tiomers in analytical scale as well as in preparative scale [21,22].
In this paper the shielding of the surface silanol groups of
chromatographic material by adsorbed water and organic poly-
mer coatings is investigated with the methods of UV/vis-absorption
and fluorescence spectroscopy. It has been shown that espe-
cially fluorescence spectroscopy is a very sensitive and selective
tool to characterize chemical processes at the interfaces of sta-
tionary phases, such as molecular aggregation [23-25], electron
transfer [26], proton transfer [27-31], or photochemical transfor-
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mations [32]. Usually the micro-granular stationary phases are
densely packed and thus subjected to multiple scattering and
depolarization of the electromagnetic signals. We preserve polar-
ization by investigating dilute bead suspensions, in the extreme
case one bead only. The analytes were selected from a series of
poly-conjugated heterocyclic fluorophores with potential proton
accepting or donating nitrogen centers. The adsorption equilibria
of these adsorptives were determined as function of the access to
the surface silanol groups that act as weak proton donors, and of
the acidity constants of the adsorptives that cover a wide range,
pKs ~5-11. The adsorbed states were characterized in detail by
spectrally resolved fluorescence emission, excitation, polarization,
and decay.

2. Theory (modeling of adsorption equilibria)

The adsorption reaction of the dissolved base B with the active
centers S at the silica surface, and the desorption of the adsorbate
complex BS is modeled in the simplest possible way

kas
B+SiBS 1)
kdes

where k,qs and kges are the rate constants of adsorption and des-
orption, respectively. The equilibrium constant of reaction (1) is
_ kads _ [BS]eq (2)
kdes [S]eq[B]eq
where [X]eq are the equilibrium concentrations. Since we work with
a large excess of S, its equilibrium concentration is not much dif-
ferent from its initial concentration, [S]eq ~ [S]o, and we rewrite Eq.

(2)

_ ket _ [BSleq
eff kdes [B]eq

(3)

where kesr=k,qs [Slo is the pseudo first order rate constant of
adsorption. The adsorbate concentration per area can be substituted
in highly porous adsorbents by concentration per volume, provided
that the internal surface is accessible to B. In this case BS of Eq. (3)
can be expressed by the difference of B before and after adsorption
and by the ratio of the volume V| of the liquid phase to the volume
Vs of the solid phase

_ kegr [Blo - [B]eq VL
e = s <[qu> Vs 4)

This equilibrium ‘constant’ is directly accessible from experi-
mental data.

3. Experimental
3.1. Materials

Porous silica beads with specific surface area of 116 m2/g, aver-
age particle diameter of 6 um, and average pore size of 300 A
were obtained from Eka-Chemicals (Bohus-Sweden). The beads
were (i) used without further pretreatment, (ii) preheated for 10h
in vacuum at T=150°C prior to the room temperature adsorp-
tion experiments, (iii) coated with polymerized 1,4-divinylbenzene
(DVB, see Fig. 1) at loadings of 200mg and 500 mg DVB/g SiO,;
details of the sample preparation are exactly the same as for
nonporous silica [33], (iv) coated with polymerized N,N’-diallyl-
L-tartardiamide bis-(4-tertbutylbenzoate) (TBB, see Fig. 1) with a
loading of 135 mg TBB/g SiO, as delivered from Eka-Chemicals.

The fluorescent adsorptives are depicted in Fig. 2. Acri-
dine orange (AO) and lumichrome (LC) were from Aldrich, the

\

DVB TBB

Fig. 1. Chemical structures of 1,4-divinylbenzene and N,N’-diallyl-L-tartardiamide
bis-(4-tertbutylbenzoate) for polymeric coating of the silica beads.

two stereo-isomers 1,2,7,8-dibenzacridine (1-DBA) and 3,4,5,6-
dibenzacridine (3-DBA) were a former gift from Perkampus et al.
[34].

The solvents for adsorption, dichloromethane (DCM) and cyclo-
hexane (CH), both spectroscopic grades (Merck, Germany), were
dried over zeolite and kept under dry nitrogen.

3.2. Procedures

Adsorption experiments were performed with 6 mg of silica
beads suspended in 2ml of DCM or CH in a 1cm - fluorescence
cell and stirred for 2 min under dry air. Then 1 ml of the adsorp-
tive B in a solution of DCM or CH with the initial concentration
[Blo=9x 1077 to 7 x 10~ molL-! was injected and stirred well.
The equilibrium concentration [B]eq of the nonadsorbed adsorptive
in solution was determined photometrically after centrifugation.
In some cases the measurement was possible without centrifu-
gation after sedimentation. Then the equilibrium constant K¢ of
adsorption was calculated from Eq. (4).

Steady state fluorescence emission (F), fluorescence excitation
(Exc), and fluorescence anisotropy (r¢) spectra were measured in
the fluorometer SPEX Fluorolog 222, equipped with two double
monochromators and Glan-Thompson polarizers (Instruments S.A.,
Longjumeau, France). The fluorescence cell containing the adsor-
bate suspension was stirred during the measurements in order to
avoid sedimentation. The fluorescence anisotropy was evaluated in
the conventional way from

o 5
IH-‘,-ZIL ()

where I); and I, are the fluorescence intensities parallel and per-
pendicular with respect to the polarization direction of the incident
radiation.

Fluorescence decay curves were recorded in stirred suspensions
with a time-correlated single-photon counting setup (pico-timing
discriminators Ortec, model 9307, Time-to-Amplitude Converter
Ortec, model 457, pre-amplifier (Ortec, model 9306) utilizing the
emission monochromator of the fluorometer SPEX Fluorolog 222
and the photomultiplier tube (Ortec, model 9306). For excitation
a picosecond diode laser (PicoQuant, Germany, model LDH-400
(371 nm), FWHM 70ps) was used. Fluorescence lifetimes were
obtained from a single to triple exponential analysis of the fluo-
rescence intensity decay curves

Ig(t) = Z'A,- exp (;—;) (6)

where 1g; is the fluorescence decay time of the ith component, and
A; is the associated intensity amplitude at t=0.
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Fig. 2. Chemical structures of the adsorptives.

Analytical liquid chromatography is performed with a Merck-
Hitachi 6200A solvent delivery pump and a Merck-Hitachi L-4000A
variable wavelength UV detector. Samples are introduced via a
Rheodyne injector equipped with a 20 L loop. The mobile phases
is used during the separations are mixtures of isopropanol/CH, and
all analytes are dissolved in CH.

4. Results and discussion
4.1. Adsorption equilibria

All adsorption experiments were carried out with a large excess
of liquid phase against solid phase (V; =500Vs) and adsorbate con-
centrations <3% of saturation capacity so that the equilibrium
constants could be reliably evaluated with Eq. (4). Table 1 summa-
rizes the most important results. On uncoated silica the equilibria
depend strongly on the nature of the adsorptive. AO with its three
basic nitrogen centers is very efficiently adsorbed whereas 3-DBA
with its sterically shielded nitrogen atom remains almost com-
pletely in solution. The adsorptives LC and 1-DBA range between
AO and 3-DBA. Extended experiments with 1-DBA show that traces
of water play an important role for the value of K. Adsorp-
tion from thoroughly dried CH yields a distinctly higher constant
than adsorption from CH as supplied. Silica acts in the latter case
as drying agent of the solvent. Since, at 20°C and 50% r.h. the
silica beads are covered with 20 mg H,O/gram silica. This corre-
sponds to a coverage of approximately 1 x 106 mol water/m2, and
this is roughly monolayer coverage. Thus all silanol groups are
shielded by water and interaction with the nitrogen bases is possi-

ble only via Si-OH. - -H-O-H. - -N=. The opposite effect is produced
after pretreatment at 150°C in vacuo. Under these conditions all
physisorbed water disappears, but not the silanol OH-groups. So the
preferential interaction is Si—-OH. - -N=, with a higher probability of
proton transfer, at least in the photoexcited singlet state.

The NIR absorption spectrum of Fig. 3 shows in this case the
overtone of the unshielded =SiO-H valence vibration. After expo-
sure to ambient atmosphere this band disappears and is replaced
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Fig. 3. NIR diffuse reflectance absorption spectra of porous silica powders in the
region of the first SiO-H valence overtone. (1) Spectrum in a sealed cell after pre-
treatment at T=150°C in vacuum and (2) spectrum of the untreated powder.
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Table 1

pKa-values of the adsorptives in their So- and S;-states [35-38]. Effective equilibrium constants of adsorption K¢ (see Eq. (4)) on uncoated and coated silica beads. The

constants were measured for loadings 1 x 1076 to 3.5 x 10-5 mol/g SiO;.

Adsorptive adsorbed from pK;, Kegr on adsorbent
So Si Uncoated silica Coated silica
Pre-treatment DVB TBB-coating
200/g 500 mg/g 135mg/g

AO dry DCM 10.5 11.0 24,000 + 3500 1500+ 100 1100+ 100 2045

(BH* <+ B+H")
1-DBA dry CH 5.5 10.7 Water removed at T, =150°C

(BH* <+ B+H") 11,000 + 2000 untreated 5700 & 1000 - - <5
CH as supplied Untreated 2000 & 100 - - <5
3-DBA dry CH ~5 <10 <1
LC dry DCM ~8.6 3.6(N1)

7.5(N3) 2900+ 250 320+20 50+10 60+10

(AH < A~ +H*)

at slightly longer wavelengths by the band of the shielded com-
plex =SiO-H- - -OH,. As a consequence the equilibrium constant of
adsorbed 1-DBA decreases on humid silica by a factor of two against
the thermally pretreated adsorbent (see Table 1).

High K.g-values are certainly of advantage in the field of het-
erogeneous chemical transformations but not in the field of liquid
chromatography. For practical applications one chooses Vs~ V|,
and a high K¢ produces according to Eq. (4) very low equilibrium
concentrations [Bleq and thus unacceptable long retention times.
Usually the problem is handled with solvent mixtures that reduce
the free binding enthalpy. In this paper we test polymer coatings
that are able to shield the surface silanol groups against the inter-
action with proton accepting analytes. In principle, the coatings
work, see Table 1. However, a large amount of polymer is neces-
sary in order to obtain a significant effect, especially in the case
of DVB-coating. TBB works much better and reduces the effective
equilibrium constant into the range of Kegr = 1-100 which is accept-
able for chromatographic separations. Especially the acidic surface
centers are blocked by TBB so that the equilibrium constants of the
bases AO and 1-DBA are strongly reduced against unshielded silica
beads, whereas the acidic adsorptive LC is less affected. The success
of TBB-coating in chromatography is exemplary shown in Fig. 4 for
1-DBA and 3-DBA. The two isomers are clearly separated in a HPLC-
column with retention times 3-DBA < 1-DBA as expected from the
equilibrium constants of adsorption.

4.2. Spectroscopic characterization of the adsorbed state

In order to assign the nature of the adsorbates BS we investi-
gated the UV/vis-absorption and fluorescence spectra as well as the
fluorescence anisotropies and decay curves. Table 2 summarizes
some photophysical data of the adsorptives in solution. After addi-
tion of silica the systems became turbid, but this unwanted effect
was minimized by high V;/Vs - ratios and solvents that approach
the refractive index of the silica beads. Despite these precautions
the samples were still light scattering. However, the scattering

I-DBA
mAU

3-DBA

0 0.5 1 1.5 2 25
t (min)

Fig. 4. Chromatogram of a 1:1 mixture of 1-DBA and 3-DBA in
CH/isopropanol =98.5/1.5 (V/V); using TBB-coated silica as stationary phase.
Flow rate =2 ml/min.

anisotropies reached almost unity (rs~0.95) so that distortions
of the absorption spectra or fluorescence anisotropies by multiple
scattering were of minor importance.

4.2.1. Acridine orange (AO)

The molecule with the highest basicity, was adsorbed on
uncoated and coated silica beads as protonated species BH*. Not
a trace of the dimer (BH*), was found under our experimental
conditions. Fig. 5 shows fluorescence excitation and emission spec-
tra on uncoated silica. Comparison with the spectra in solution,
see Fig. 6, gives evidence of adsorbed AOH", as well as of the
absence of the first prominent absorption band of the neutral base
AO at Umax =23,300cm™!. The F- and Exc-results on coated silica
are assigned in the same way, see Fig. 7, with the slight restric-
tion on DVB-silica, where small contributions of neutral AO were
found. Also the mean fluorescence decay time of the adsorbate is
the same as in acidic solution. Slight deviations from first order
decay are observed, but these deviations are more or less the rule
in adsorbates because of the slow individual environmental relax-
ation processes after excitation.

4.2.2. 1,2,7,8-Dibenzacridine (1-DBA)

The fluorescence emission and excitation spectra of 1-DBA
adsorbed from CH on silica beads are given in Fig. 8. The spec-
tra were recorded in a fluorescence cell in presence of CH (for
details see Section 2). Some of the beads were fixed by electrostatic
adhesion at the cell wall. By proper alignment of the spectrome-
ter we could measure the bead spectra almost free of equilibrated
1-DBA remaining in solution. The results are presented in the bot-

0.2 r
r ,
0.0 4 ’mw\///
T T T T T T T T T
i F Exc i
I .
T T T T T T T T T
15000 20000 25000 30000 35000
v/em’!

Fig. 5. Fluorescence emission (F), excitation (Exc), and anisotropy (r¢) spectra of AO
adsorbed from dry DCM on uncoated silica beads, loading =1.30 x 10-6 mol/g SiO,.
The fluorescence spectrum is excited at Dex = 23, 300cm~! and the excitation and
anisotropy spectra are observed at De, = 17,900 cm™1.
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Table 2

Fluorescence and first prominent absorption transition energies (M =maximum, S=shoulder, 0-0 =zero-to-zero transition), fluorescence decay times 7 (under air), and
steady-state fluorescence anisotropies r (in glycerol) of the investigated fluorophores in solution.

Fluorophore Solvent Ur (cm™1) Uabs (cm™1) 7 (ns) TF
AO Acidic ethanol (BH") 18,900 (M) 20,200 (M) 3.1 034
Alkaline ethanol (B - -H) 18,000 (M) 23,300 (M) 7.3
1-DBA Acidic ethanol (BH") 22,100 (F;, M) 23,400 (Aq, 0-0) 6.7 0.34

Ethanol (B. - -H) 25,000 (F,, 0-0) 25,200 (Az, 0-0) 8.0 0.182
Cyclohexane (B) 25,300 (F5, 0-0) 25,500 (A3, 0-0) 7.4 -
3-DBA Acidic ethanol (BH") 20,000 (M) 23,400 (0-0) 11.8 0.19
Ethanol (B) 25,300 (0-0) 25,300 (0-0) 9.7
Cyclohexane (B) 25,300 (0-0) 25,300 (0-0) 7.9
LC Alkaline ethanol (A~) 18,200 (M) 22,500 (S) - -
Acidic ethanol (AH,") 19,000 (S) 25,000 (S+M)
21,000 (M)
Ethanol (AH. - -O) 21,700 (M)° 26,000 (M) 1.04° 0.29
DCM (AH) 22,700 (M) 26,200 (M) 0.61¢

Note: B and AH are the neutral species, B---H and AH- - -O are the hydrogen bonded species, BH* and A~ are the protonated or deprotonated species of the probes.

2 Inrigid solvent at T=77 K [34].
b From Ref. [39].
¢ From Ref. [40].

T T T T P T 6
7| acidic O O |
_| ethanol HAC)N N(CHy),
- 4
] 2
T T T T T T 0
| ethanol
_ 6 =
T _o
Ig ] =
— 3 ?2
] ®
I T T T P T 0
"] alkaline O O -
_|ethanol N N(CH,),
i =14
] -2
T T T T T T 0
15000 20000 25000 30000
v/em'

Fig. 6. Absorption (Abs) and fluorescence (F) spectra of AO in ethanol
(C=3.90 x 10-6 M) at different pH-values. Acidic ethanol (the fluorescence spectrum
is excited at Dex = 20, 200 cm~'), neutral ethanol (Dex = 23, 000cm~') and alkaline
ethanol (Dex = 23,000cm™1).

tom part of Fig. 8. Two different species 1 and 2 contribute to
the fluorescence spectrum and by comparing the band positions
with those in ethanol at different pH values (see Table 2) it can
be concluded that the broad band of species 1 (labelled as F;)
at D max = 22,300cm™! is due to the protonated form of 1-DBA
(BH") adsorbed at the bead, and the emission band of species 2
(labelled as F,) at Vg o_o = 24, 950 cm~! is due to the H-bonded
adsorbed species B---H. The intensity of F; dominates over F,.
The excitation spectrum Ex; for the F;-fuorescence (detected at
Uex =20,000cm™! i.e. outside the fluorescence of B. - -H) shows the
first absorption band of BH* (labelled as A ) but even more intense

T T T
25000 30000 35000

-1
v/cm

T T
15000 20000

Fig. 7. Fluorescence emission (F), excitation (Exc), and anisotropy (r¢) spectra of
AO adsorbed from dry DCM on DVB-coated silica beads, loading =1.30 x 10-6 mol/g
SiO,. The fluorescence spectrum is excited at Uex = 20,000 cm~' and the excitation
and anisotropy spectra are observed at Dy = 14,300cm™!.

0.4

—T—
25000

—T—
20000

v/em™!

Fig. 8. Fluorescence (F), excitation (Exc), and anisotropy (rg) spectra of 1-DBA
adsorbed from dry CH on unpretreated silica beads, loading=4.4 x 10-5 mol/g
SiO,. Bottom: Particles at the cell wall. Fluorescence spectrum is excited at Uex =
26,500cm~'. Excitation spectrum Exc; is observed at Uem = 19,200cm™!, Exc,
at Dem = 24,900cm'. Middle: Particles in suspension. Fluorescence spectrum is
excited at Dex = 26,880 cm'. Exc; is observed at Dy, = 20,000 cm™!, Exc; at ey =
24,900 cm~'. Top: Anisotropy excitation r; is observed at Dey = 20,000cm™', 1, at
Dem = 24,900 cm~1.
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Table 3

Fluorescence decay times tp, steady-state fluorescence anisotropies (rg), and
the amplitudes A of 1-DBA and AO (uncoated silica+cyclohexane) under air,
Uex =27,000cm1.

Chemistry 220 (2011) 39-46

Probe Uem (cm~1) Tf (ns) Amplitude (rF)
1-DBA 24,900 43 0.07 0.18
8.3 0.93
20,800 24 -0.22 0.31
7.2 0.60
9.5 0.18
AO 17,900 2.7 0.82 0.12
44 0.18
LC 21,100 - - 0.29

also the first absorption band of B- - -H (labelled as A, ). So the A1 /A,
ratio is opposite to the F;/F;, ratio. The higher energetic vibronic
sub-bands of Ex; are identical with the excitation spectrum Ex, that
was measured at F, (because of primary light scattering, the Ex,-
spectrum could not be measured in the A,-region). These results
prove the presence of two adsorbed ground state species, B. - -H and
BH", and support the following excited state acid-base reaction

B-.-H-0Si + hvu — [B---H]*~0Si — [BH*]"-0Si (7)

known from reactions in liquids when the acidity of excited BH*
is much lower than in the ground state. This is the case for acri-
dine and its derivatives, see Table 1. However, reaction (7) occurs
only for part of adsorbed B.--H, since we find for the (remaining)
B..-H adsorbates the very similar fluorescence lifetime 7z=8.3 ns
as in ethanolic solution with tg=8.0ns (values in air, compare
Tables 2 and 3). Thus, that part of B.--H that undergoes reaction
(7) must disappear faster than the resolution of our setup whereas
the remaining part does not react at all. On the other hand we find
arising component in the fluorescence of adsorbed BH* that has no
equivalent counterpart in the decay of adsorbed B- - -H. We cannot
give a final explanation for this result but it should be mentioned
that environmental relaxation processes after excitation occur on
surfaces in the ns-range [41,42].

The middle of Fig. 8 presents the spectra of beads inside the
well-stirred suspension of CH. The spectra are noisy because of the
fluctuating bead number in the excited sample volume. In addi-
tion to the bottom spectra one finds a third fluorescent species
3 with the highest energetic maximum at Ugg_g=25,400cm™!
(labelled as F3). The associated excitation spectrum Ex3 originates
at Vex =25,500cm~! (=A3) and is shifted against Ex, by 300 cm™!
to the blue. The band system 3 is assigned to the adsorptive B
remaining dissolved in the adsorption equilibrium.

From Table 1 we know that the adsorption equilibrium of 1-
DBA is shifted to the dissolved state in presence of small amounts
of water. Fig. 9 shows that also the nature of the adsorbates changes
upon adsorption from not dried CH. The fluorescence is now dom-
inated by adsorbed B- - -H and dissolved B, whereas almost no BH*
is formed. Thus reaction (7) occurs only with unshielded silanol
groups.

4.2.3. 3,4,5,6-Dibenzacridine (3-DBA)

3,4,5,6-Dibenzacridine (3-DBA) interacts only little with the sil-
ica beads because of the sterically shielded nitrogen center. The
equilibrium constant of adsorption is low and comparable to con-
densed aromatic hydrocarbons without functional groups such as
anthracene, pyrene or perylene, where Kq¢=1-10 on silica, and
Ko =20-100 on hydroxyl-covered alumina. [23,26]. Contrary to 1-
DBA, no spectral signature of an H-bound adsorbate B- - -H could be
detected for 3-DBA on silica. This is in accordance with the fluores-
cence in ethanolic solution that also shows no H-induced red-shift
against aprotic solvents, see Table 2.

Normalized Fluorescence Intensity

T T
15000 20000 25000

v/cm®

35000
1

Fig.9. Fluorescence (F)and excitation (Exc) spectra of 1-DBA adsorbed from not dry
CH on unpretreated silica beads, loading=4.4 x 10-6 mol/g SiO,. The fluorescence
spectrum is excited at Dex = 26,880 cm~", the excitation spectrum (Exc) is observed
at Uem = 2,1300cm 1.

0.4 T T
02
r b
0.0
Exc
IF F
T T T T T
15000 20000 25000 30000 35000
v/em’!

Fig. 10. fluorescence (F), excitation (Exc) and anisotropy (r¢) spectra of LC adsorbed
from DCM on unpretreated silica beads, loading =3.4 x 10~¢ mol/g SiO,. The fluores-
cence spectrum is excited at Dex = 29, 000 cm~!, the excitation and the anisotropy
spectra are observed at Dep = 21,100 cm~1.

4.2.4. Lumichrome (LC)

Lumichrome (LC) is a multifunctional molecule with proton-
donor sites at N(1)H and N(3)H, and proton-acceptor sites at N(10)
and at the carbonyl groups C(2)0 and C(4)O0, (see Fig. 2). It is reason-
able to expect that adsorbed LC is able to form different hydrogen
bonds or proton transfer states with the surface silanol groups of
silica. According to theoretical calculations, the charge densities
on the N(1) and N(3) nitrogen atoms are almost identical in the
ground state resulting in very similar values of the de-protonation
constants pK; [43,44]. The experimental value for N(1)H is pK, = 8.6
[45], so that LC is a very weak acid in its electronic ground state.
The acidity at N(1) increases strongly in the first excited singlet
state resulting in pK,  =3.6. Despite a variety of potential surface
reactions, the spectra of adsorbed LC look very simple, see Fig. 10.
The broad fluorescence emission band with Ugmax =21,000 cm™!
is slightly red-shifted against its position in ethanol, see Table 2,
or on cellulose, where vimax =21,700cm~" is reported [35]. In both
environments the fluorescence was assigned to H-bonded LC. It
is reasonable to adopt this assignment for LC adsorbed on silica.
However, we also discuss LCH*, protonated at N(10), as second
fluorescent adsorbate in order to account for the low energetic
broad fluorescence, and especially for the positions of the absorp-
tion bands at v, ~ 25,000 cm~! (shoulder) and vpax =28,000 cm™!
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which are very comparable to the positions in acidic ethanol. In
solution, the high N(1)-acidity and high N(10)-basicity of excited
LC" causes double-proton transfer with rearrangement of the entire
electronic structure to yield the flavin tautomer of LC (see Fig. 2) as
in the case of acetic acid addition to LC in ethanol [46]. A compa-
rable reaction can take place also on silica with its effective acidity
constant of pK; =5-6 [47].

4.3. Fluorescence polarization

The fluorescence spectra of the adsorbates are highly polarized
and reach for protonated 1-DBA and LC the limiting anisotropies
re=0.32 and 0.29, respectively, of solutions in highly viscous glyc-
erol (see Figs. 8, 10, and Tables 2 and 3). H-bound 1-DBA reaches a
lower value of rg =0.19 which is also the limit in highly viscous glass
[34], because L, and L;, with orthogonal orientations of their transi-
tion dipoles are excited simultaneously. According to these results
the adsorbates are rotationally immobile during their fluorescence
lifetimes. However, it cannot be concluded from these data that the
adsorbates are immobile at all. For acridines one finds translational
diffusion taking place in the microsecond time domain on silica
gels covered with silanol groups [42], and the diffusion controlled
adsorption-desorption reactions take place in the time range of
seconds.

The anisotropy of adsorbed AO raises some unanswered ques-
tions. We find rg=0.12 on uncoated silica, rr=0.09 on DVB-silica
(200 mg), and rg=0.02 on TBB-silica. Since the experimental 1 are
mean values of adsorbed and dissolved (rg 2 0) AO, the influence of
coating can be ascribed to the smaller Keg-values (the contribution
of dissolved AO can be seenin Fig. 7 as second excitation maximum).
However, the maximum r¢ on uncoated silica is far away from
re=0.34 in glycerol, where the molecule is dissolved in its proto-
nated state. It cannot be excluded, but it is unlikely that the excited
adsorbate undergoes significant rotational diffusion duringits short
lifetime of 3 ns. Under our experimental conditions the molecule
is quantitatively adsorbed with the highest binding energy of all
adsorbates. Since also the Stokes shift between absorption and fluo-
rescence maximum is reduced from 1300 cm~! in acidified ethanol
to 900 cm~! on silica it is reasonable to assume that the adsorbate
is strongly fixed. Starting from the reduced Stokes shift we take into
account the possibility of homo resonance energy transfer (ET) as
source of fluorescence depolarization. The fluorescent electronic
state of AOH" is fully allowed with a maximum decadic extinc-
tion coefficient of £ = 53,000 cm2 mmol~!. From the spectra of Fig. 5
we obtain the Férster overlap integral J=3.5 x 10~14 cm® mmol~!
and finally the Forster radius Ryp=4.0 nm. This quantity is com-
pared with the average distance between the adsorbed AOH" ions,
(p)=8.2nm, estimated as upper limit with the assumption that
the adsorbate is equally distributed over the volume of the highly
porous silica. A more realistic estimate assumes that the ions are
strongly fixed in the outer regions of the beads. Then the mean
distance becomes smaller and ET will now be the most important
source of fluorescence depolarization.

In principle, also the other adsorbates are subject to ET. How-
ever, their overlap integrals are much smaller than that of AOH*,
and additionally part of 1-DBA escapes from ET by reaction (7).

5. Conclusion

According to our spectroscopic investigations the interaction of
dissolved poly-condensed aza-aromatic molecules with porous sil-
ica beads utilized as stationary chromatographic phases is mainly
controlled by the basicity at the nitrogen centers of the aromatics.
Increasing basicity increases the effective equilibrium constant Kegr
of adsorption. The polarizability of the aromatic m-electron system

is of secondary importance, as shown by comparing molecules with
equal -skeletons but different accessibilities of their basic center.

The activity of the beads is controlled by the accessibility of the
silanol groups at the solid/liquid interface. Free silanol groups are
stronger proton donors than groups that are screened from the
aromatics by adsorbed water.

Substantial shielding of the silanol groups is achieved with poly-
mer coatings. This procedure reduces the equilibrium constants of
adsorption by two to three orders of magnitude and makes the
stationary phases suitable for HPLC.
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