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and Nucleophilic Aromatic Substitution with Fluoroaromatics

Isabelle RotH, Frank Simort¥, Cornelia Bellmanrt, Andreas Seifert,and Stefan Spangé*

Department of Polymer Chemistry, Technical kBrsity Chemnitz, Strasse der Nationen 62,
D-09101 Chemnitz, Germany, and Leibniz Institute of Polymer Research Dresden, Hohe Strasse 6,
D-01069 Dresden, Germany

Receied January 20, 2006

Nucleophilic aromatic substitution reactions of fluoronitro-substituted aromatic compounds with poly-
(vinylamine) (PVAm)/silica adsorbates were studied to equip silica particles with primary amino as well
as several chromophoric groups. 4-FluoronitrobenzdnetFNB), 2-fluoronitrobenzene2( 2-FNB),
4-fluoro-3-nitroaniline 8, 4-FNA), N,N-dimethyl-4-fluoro-3-nitroaniline 4, 4-DMFNA), 1-fluoro-2,4-
dinitrobenzene J, Sangers reagent, FDNB), 1,5-difluoro-2,4-dinitrobenzeg)eDFDNB), 4-fluoro-3-
nitroazobenzene7( FNAzoB), N-(2',4'-dinitrophenyl)-4-fluoro-3-nitroaniline § N-DNP-FNA), and
4-fluoro-3,4-dinitrostilbene 9, FDNstilbene) have been used as functionalization reagents. Various
chromophoric functionalities could be readily synthesized on the silica surface by this elegant method.
The degree of PVAmM functionalization with chromophores was determined from the redissolved fraction
of the functionalized polymer by means of UV/vis spectroscopy using model compounds as references.
The surface structures of the chromophores fixed on polymer-modified silica particles were studied using
X-ray photoelectron spectroscopy (XPS) and UV/vis spectroscopy. Brun&nemett-Teller (BET)
measurements and XPS studies suggest that the chromophores introduced in the PVAm layer on silica
are differently distributed in the adsorbed PVAm layers. The vertical distribution of the chromophore in
the PVAm layer depends on the reactivity of the fluoroaromatic. The more reactive the fluoroaromatic,
the more unaffected remains the former pore-size distribution of silica. Changes of the surface charge
were investigated by means of electrokinetic measurements.

Introduction primary amino groups<NH;). Depending on the surround-
_ ing pH value, the groups can be protonateeNHs") or
T_here is great demand for_ the develo_pment of pH_ present as a charge-neutral amine. Hence, the polymer can
resistance as well as responsive nanoparticles as UVNViSyq o nsidered as a weak cationic polyelectrolyte. In addition,
sensors for gnvwonmgntally sensitive b|omacrorr_10IecuIes andamino groups are suitable to be chemically functionalized
other biologically active compounds under ambient aqueous;, yitferent ways, because they do react with epoxides, acid

. 1’2 H 1 .

conditions? Furtherr_npre, introduction qf pH. as well as anhydrides, aldehydes, and a lot of other reagnts.
surface polarity sensitive chromophores is of importance to Nucleophili bstituti . £l i
observe adsorption processes and pH changes by UV/vis ucieopnilic substitution reactions ot fiuoroaromatic com-

spectroscopic techniques, which are also easy to perform inpounds with PVAm offer a great synthetic potential to

complex systems. For this purpose, an intelligent combination glreﬁgy |g(;?lr£$_rr]ate (O:Ihromopholtlchgroupls mttr)l'lt.he ponmgr
of a water-soluble polymer sensitive in a wide pH range with ackbone: - € advantage of t € nucieopnilic aromatic
suitable chromophores is required. substitution is that a pustpull substituted aromatic system
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Scheme 1. Reaction of Poly(vinylamine) (PVAmM) with Scheme 2. Various Fluoroaromatics Used for the Adsorption
Activated Fluoroaromates (e.g., 4-Fluoronitrobenzene) to onto Silica and Subsequent Nucleophilic Aromatic
Form Chromophoric Nitrophenyl Functionalized PVAmM Substitution Reaction with Poly(vinylamine) in Water

Push—Pull Systems Adsorbed onto Silica CHs
O D A A
- PVA ;: p CH
F@—NO; m ON ON ON 3
T 2 3 4

e 400,000 g/mol ~ _
—_— —_—
particle adsorption nucleophilic
(ethanal) aromatic

fluoronitro- substitution

7 .
benzene loaded ,,N—Q
silica particle F NO, F NO, FQN
OzN O:N O,N
5 6 7

is formed in only one synthetic stép!’ The fluoride ion
becomes a better leaving group compared to nonsubstituted o
fluorobenzene with an increasing number of electron- H ‘o
withdrawing groups at the fluorosubstituted pheny! & F 2 > NN FM ’
Especially, nitro, nitroso, and diazonium groups are suitable C}

to activate the fluoroaromatics for this elegant synthetic N-DNP-ENA N FDNstilbene

route!” Scheme 1 exemplarily shows the synthetic route of

the reaction of poly(vinylamine)s (PVAm's) with activated derivatives follow the reaction shown in Scheme 1, which
fluoroaromatics to form chromophoric nitroaniline function- can be considered as a model reaction. The bis-functiona"ty
alized PVAm push-pull systems adsorbed onto silica. of the activated derivatives, 6, and7 additionally should

The introduction of nitroaniline derivatives in polymers allow cross-linking reactions along as well as between PVAM
is of remarkable interest, because these functionalities arechains.
widely applied to materials science (NLO¥"and analysis Fluoroaromatics are usually insoluble in water. Therefore,
(solvatochromismj?™?" There are numerous substituted the nucleophilic substitution reaction with PVAm in water
4-nitroaniline derivatives which are used as solvent-sensitive was mediated by a fluoroaromate/Z6sdimethyl-3-cyclo-
indicators for creating polarity scalés® as lipophilic  dextrin (3-DMCD) complex, which is readily soluble in
indicators in micelles and bilayers, and in biological mem- \yateri2-14
branes?®2’ Therefore, water-soluble polymers bearing those  y5ever, it was shown that cross-linking reactions (in the
functionalities are potential candidates for the production of ;psence of silica particles) are of minor importance for the
sensor layers and pH-responsive membranes. Another aiMeagentg (4-fluoronitrobenzene (2-fluoronitrobenzene),
is to demonstrate the synthetic potential of this new synthetic 5 (4-fluoro-3-nitroaniline), and (N,N-dimethyl-4-fluoro-3-

app_roach to fl_mctionalize silica_ particle_s. Among nitro- nitroaniline) (see Scheme 2) in a homogeneous aqueous
anilines, a series of fluorosubstituted nitroaromatic com- ¢, |ution14.15 Using the fluoroaromatics or 6 for the

pounds containing azobenzene and nitrostilbene derivativesgpsitution reaction in aqueous solution, partially insoluble
were chosen (Scheme 2). PVAm fractions were obtaineéd.Those polymers are unsuit-
In contrast to monofluorosubstituted nitroaromatic deriva- gpje to further applications.

tives, the two fluorine atoms of the difluorosubstituted
derivative 6 (1,5-difluoro-2,4-dinitrobenzene) and the acti-
vatedortho-nitro groups of5 (1-fluoro-2,4-dinitrobenzene)

or 7 (4-fluoro-3-nitroazobenzene), respectively, are suitable
to be substituted by amino groups. Hence, molecular
structures of the chromophores directly generated and
localized on the particle surface can be various. It is expected
that the less reactive monofluorosubstituted nitroaromatic

1
4-FNB 2-FNB 4-FNA 4-DMFNA

FDNB DFDNB FNAzoB

The objective of this work is to show that the function-
alization reaction can be directly carried out on the silica
particle surface. The advance of this one-step reaction is that
the functionalization of PVAm with chromophores and the
consecutive adsorption of the modified PVAm on the silica
surface take place simultaneously. Therefore, chemically
induced subsequent cross-linkage can be avoided in the
surrounding solution. The large specific surface area of the
employed silica particles guaranteed a high amount of

8% sunnett, t]'HFu'i;Sggﬂ'ean%éfhgﬂ"e'rﬁfégg% o3 2 adsorbed polymeé¥* Furthermore, silica particles are suitable
(18) Suhr, H.Liebigs Ann. Cheml965 687, 175-182. for the most surface sensitive techniques and other analytical
(19) Suhr, H.Liebigs Ann. Cheml965 689 109-117. methods, such as UV/vis spectroscopy, X-ray photoelectron

(20) Ledoux, I.; Zyss, J. INovel Optical Materials & ApplicationsKhoo, . .
I, Simoni, F., Umeton, C. M., Eds.; John Wiley & Sons: New York, SPECtroscopy (XPS), and electrokinetic measurements.

@) é%?]&ocggﬁtgf 1#,9 \}énu opal-Rao. S Naravana.Rao. b.: Radhakrish, |1 dedree of surface functionalization of the silica surface
nan,gTPp_J_yMﬁte;j Cherﬁlggg ) 1’69'@17()%_ T iS determineq_by the amount of i_mmobilized PVAm after
(22) Kamlet, M. J.; Taft, R. WJ. Am. Chem. Sod 976 98, 377-383. the nucleophilic substitution reaction took place as well as
(23) Kamlet, M. 3 pooud. J.-L. M.; Taft, R. W. Am. Chem. Sod977 the amount of chromophore introduced in the polymer
(24) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. W. backbone. The complete amount of PVAm and chromo-
Org. Chem.1983 48, 2877-2887. hor n Icul from th ntitativ lemental
(25) Laurence, C.; Nicolet, P.; Tawfik-Dalati, M.; Abboud, J.-L. M.; pho es. can be calculated from the quantitative .ee enta
Notario, R.J. Phys. Chem1994 98, 5807-5816. analysis (C, N) of the carefully extracted and dried func-

(26) Helburn, R.; Ullah, N.; Mansour, G.; Maxka,Il.Phys. Org. Chem.  tionalized silica particle. This measurement does not allow

1997, 10, 42-48. e _
(27) Helburn, R.; Dijiba, Y.; Mansour, G.; Maxka, langmuir1998 14, distinguishing between the portions of PVAm and generated

7147-7154. chromophore. The average amount of chromophore at the
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Scheme 3. Exemplary Synthesis of the Azo-Functionalized Syntheses of the Chromophoric, Nitrophenyl Func-
Model Compound (N-Isopropyl-4-azobenzene-2-nitroaniline) tionalized PVAm— Silica Particles. For functionalization
Used in These Studies of silica with chromophoric groups and PVAm in water, 2.5
HG toluene f60°C_ | ot mmol of the fluoroaromate was dissolved in 30 mL of
H3c>_""’ * F‘Q’"}‘O -(CHyCHNHFS H)"‘Q’""N_O ethanol and suspended it g of silica overnight. The
inexcess  ON oN solvent was removed by a rotary evaporator at °@
Distilled water (30 mL) and 5.4 mL of aqueous solution of
PVAm chains can be calculated from the redissolved fraction PVAm containing 0.5 g (8.3 mmol) of the polymer were
according to ref 14. UV/vis spectroscopy was used to identify added to the freshly prepared fluoroaromate-loaded silica
the molecular structure of the main chromophoric fraction particles. The mixture was refluxed for 12 h at 1@ After
bonded to the polymer-coated silica in comparison to well- cooling to room temperature, the PVAm-functionalized silica
defined model compounds, which were synthesized from the was fritted off and washed carefully with water. Afterward,
corresponding fluoroaromatic compounds and isopropyl- two Soxhlet extraction cycles, the first with water and the
amine according to ref 30 (see Scheme 3). second with acetone, were carried out to remove nonbonded
XPS was employed to study the chemical structure of the functionalized polymer and nonreacted fluoroaromate, re-
nitroaromatic derivatives incorporated into the PVAm chains. spectively, from the silica particles’ surface.
The reaction of the PVAm’s with the nitroaromatic deriva- Synthesis ofN,N-Dimethyl-4-fluoro-3-nitroaniline (4-
tives lowers the number of protonable amino groups. DMFNA, 4). N,N-dimethyl-4-fluoro-3-nitroaniline (DM-
Electrokinetic measurements were carried out in micro- FNA) was synthesized vial,N-dimethylation of 4-fluoro-
electrophoresis experiments to study the silica/polymer’s 3-nitroaniline with formaldehyde/sodium borohydride
charge behavior in aqueous solutions as a function of pH. aqueous tetrahydrofuran according to Giumanini &t Rled
Hence, shifts in the isoelectric points should give a hint on crystals with a melting point of 3741 °C in 95% yield were
the amount of substituted primary amino gro@@sunauer- obtained.!H NMR (300 MHz, d, ppm, CQCl,): 7.21 (dd,
Emmett-Teller (BET) measurements, elemental analyses, 1H, J = 5.49 Hz,J = 3.30 Hz), 7.12 (dd, #, J = 10.44
and particular solid stateéC NMR spectroscopic investiga- Hz,J=9.34 Hz), 6.90 (ddd,H, J= 9.34 Hz,J = 3.85 Hz,
tions have been used to complete the analysis of the newd = 3.30 Hz), 2.97 (s, B, —N—(CHj3),).
materials. Synthesis of 4-Fluoro-3-nitroazobenzene (FNAzoB, 7).
Condensation reaction of nitrosobenzene and 4-fluoro-3-
Experimental Section nitrobenzene was performed in acetic acid according to
Neunhoeffer and Rusk& After recrystallization from etha-
Materials. ChemicalsAqueous solution samples of poly-  Nol, orange-yellow needles with a melting point of 134
(vinylamine) (PVAm, 11.5 wt %M, = 400 000 g mot?, 135°C in a yield of 65% were obtainet- NMR (300 MHz,
pH =11, degree of hydrolysis 97.3) were kindly provided ~ 9, PPM, d-acetone): 8.6 (dd,H, J = 2.5 Hz,J = 7.05
by BASF AG (Ludwigshafen, Germany). PVAm was pro- H2), 8.37 (ddd, H, J = 8.9 Hz,J = 4.2 Hz,J = 2.5 H2),
duced from the prepolymer poly(vinylformamide), where 7.99 (m, H), 7.75 (dd, H, J= 10.6 Hz,J = 8.9 Hz), 7.62
97.3% of all formamide groups were converted into primary PPM (M, 3).
amino groups. Synthesis of N-(2',4'-dinitrophenyl)-4-fluoro-3-nitro-
4-Fluoronitrobenzenel(4-FNB), 2-fluoronitrobenzen(  aniline (N-DNP-FNA, 8). 4-Fluoro-3-nitroaniline (19.098
2_FNB), and 1_ﬂu0r0_2,4_dinitr0benzerﬁ (:DNB7 Sanger’s g, 0.1223 mol), 1-ﬂU0r0-2,4-dinitr0benzene (22766 g, 0.1223
reagent) were purchased from Sigma-Aldrich Chemie GmbH Mol), and sodium hydrocarbonate (12.3463 g, 0.1470 mol)
(See|ze, Germany)_ 1,5-Difluoro-2,4-dinitrobenzeng, ( were stirred and heatedrf@ h under reflux. The hot mixture
DFDNB) and 4-fluoro-3-nitroaniline3, 4-FNA) are com- was filtered off and gave the crude product during cooling.
mercially available products by Merck KGaA (Darmstadt, After several times of recrystallization from ethyl acetate,
Germany) and ABCR GmbH (Karlsruhe, Germany). For Yellow crystals with a melting point of 186188 °C in a
purification, 4-FNB (), 2-FNB (2), and Sanger's reagent Yield of 40% were obtainedH NMR (300 MHz, 6, ppm,
(5) were distilled under reduced pressure. White crystals of ds-acetone): 10.17 (s,H), 9.04 (d, H, J = 2.7 Hz), 8.29
DFDNB (6) were used without further purification. The (M, 2H,J=28.9Hz,J=9.3 Hz), 7.96 (m, H, J = 8.9 Hz),
brown powder of 4-FNAS) was recrystallized from ethanol. 768 (dd, H, J=8.9 Hz,J =11 Hz), 7.39 (d, H, J = 9.3
Silica. Silica (Kieselgel H) was purchased from Fluka Hz).
(Sigma-Aldrich Chemie GmbH, Seelze, Germany). The Synthesis of 4-fluoro-3,4-dinitrostilbene (FDNstilbene,
chosen particle size of-540 um was suitable for synthesis, 9)- The Horner-Wadsworti-Emmons reactiot of 4-fluoro-
spectroscopic measurements, and microelectrophoresis. Mor&-nitrobenzaldehyde (Aldrich) with 4-nitrobenzyl-diethyl-
items of information on the silica are given below (see Table

3). (31) Schurz, J.Physikalische Chemie der Hochpolymerebpringer-
Verlag: New York, 1974; pp 116119.
(32) Giumanini, A. G.; Chiavari, G.; Musiani, M. M.; Rossi, 8ynthesis

in

(28) Mansour, G.; Creedon, W.; Dorrestein, P. C.; Maxka, J.; MacDonald, 198Q 9, 743-746.

J. C.; Helburn, RJ. Org. Chem2001, 66, 4050-4054. (33) Neunhoeffer, O.; Ruske, Wiebigs Ann. Cheml957 610, 143-56.
(29) Harris, W. E.; Stahl, W. LBiochem. J198Q 185 787—790. (34) Autorenkollektiv.Organikum: Organisch-chemisches Grundprakti-
(30) Nudelman, N. S.; Cerdeira, $. Chem. So¢Perkin Trans 111986 kum 21st ed.; Wiley-VCH: Weinheim, Germany, 2000; pp 536

695-698. 537.



Fabrication of Functionalized Silica Particles

phosphonate (Acros) with sodium ethoxide in tetrahydrofuran
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= 8.24 Hz), 7.01 (d, #, J = 9.34 Hz), 3.96 (m, B, —CH—

was used. 4-Nitrobenzyldiethylphosphonate (3.23 g, 11.8 (CHg)2), 1.38 (d, 61, —CH—(CHy),).

mmol) was dissolved in 50 mL of dry tetrahydrofuran (THF)
and cooled to 0C. Sodium ethoxide (0.80 g, 11.8 mmol)
in 50 mL of THF was added dropwise, and the solution was
stirred for 30 min. Then a THF solution (50 mL) of 4-fluoro-
3-nitrobenzaldehyde (2 g, 11.8 mmol) was slowly added

Synthesis of the Model CompoundN-Isopropyl-4-N-
(2',4'-dinitrophenyl)-2-nitro- p-phenylenediamine N-(2',4'-
Dinitrophenyl)-4-fluoro-3-nitroanilineN-DNP-FNA, 1.0 g,
3.1 mmol) was dissolved in 80 mL of toluene, and 1.3 mL
of isopropylamine (15.5 mmol) was added. The reaction

dropwise and stirred at room temperature overnight. The mixture was heated for 6.5 h at 8C. Then, the excess of

reaction mixture was poured into 400 mL of water for
hydrolysis. The yellow precipitate was filtered off, washed

isopropylamine and solvent were distilled off at 140 The
solid red residue was recrystallized from methanol, giving

several times with ethanol, and dried under vacuum. The dark red crystals in 91% yield with a melting point of 147

yellow—orange product was obtained as a powder in 44%
yield with a melting point of 212216 °C. 'H NMR (400
MHz, 6, ppm, CDCl): 8.24 (dd, H, J = 4.40 Hz,J =
2.56 Hz), 8.22 (d, B, J = 8.79 Hz), 7.82 (ddd, H, J =
8.79 Hz,J = 4.40 Hz,J = 2.56 Hz), 7.68 (d, B, J = 8.79
Hz), 7.35 (dd, H, J = 10.62 Hz,J = 8.79 Hz), 7.26 (d, H,
Jirans = 16.48 Hz), 7.22 (d, H, Jyans = 16.48 Hz).

Determination of the Degree of Substitution of the
Nitrophenyl Functionalized PVAm. The degree of substi-
tution s was determined by a known method, using eq 1 if
the molar absorption coefficient of a model compound and
those of the functionalized PVAm are known from UV/vis-
spectroscopic determinatidh.

€'Mq

S €nodel — € Mg )
In eq 1,s = degree of substitution (humber of substituents
per basic building block' = molar absorption coefficient
of the polymer (L g* cm™), Meq = molecular weight of
the basic building block (chromophoric unigyedel = molar
absorption coefficient of the model compound (L miol
cm™1), and Ms = molecular weight of the incoming sub-
stituent (without fluorine). This calculation requires the

149°C.*H NMR (400 MHz,6, ppm, CDQCly): 9.76 (s, 1H),
9.12 (d, H, J= 2.56 Hz), 8.16 (dd, #, J = 9.52 Hz,J =
2.56 Hz), 8.13 (d, #, J = 2.56 Hz), 8.09 (s, H, NH—
CH—(CHjy)o), 7.38 (dd, H, J=9.16 Hz,J = 2.56 Hz), 7.02
(d, 14, J = 9.16 Hz), 7.00 (d, #, J = 9.52 Hz), 3.90 (m,
1H, —CH—(CHz),), 1.38 (d, &1, —CH—(CHj3),).

Synthesis of the Model Compound 4N-Isopropyl-
amino-3,4-dinitrostilbene.  4-Fluoro-3,4-dinitrostilbene
(FDNsstilbene, 0.43 g, 1.5 mmol) was dissolved in 30 mL of
toluene, and 0.64 mL of isopropylamine (7.5 mmol) was
added. The reaction mixture was heated Zoh at 60°C.
Then, the excess isopropylamine and solvent were distilled
off at 140°C. The solid orange residue was recrystallized
from methanol to give orangeaed crystals with a melting
point of 167-169°C in 47% yield.'"H NMR (400 MHz, 6,
ppm, ¢-acetone): 8.35 (d,H, J = 2.20 Hz), 8.23 (dd, &,
J=9.16 Hz,J = 2.20 Hz), 8.14 (d, H, —NH), 7.95 (dd,
1H,J=9.16 Hz,J = 2.20 Hz), 7.85 (d, &1, J = 9.16 Hz),
7.52 (d, H, Jyans= 16.48 Hz), 7.31 (d, H, Jyans = 16.48
Hz), 7.19 (d, H, J= 9.16 Hz), 4.05 (m, B, —CH—(CHs),),
1.37 (d, 61, —CH—(CHy)y).

NMR Spectroscopic MeasurementsThe liquid NMR
measurements were recorded at’@on a Varian Gemini
400 FT NMR spectrometer, operating at 400 MHz fbr

presumption that the average amount of the redissolvedand at 100 MHz fof*C. The signal of DO was used as the

fraction shows no difference to that of the immobilized
fraction. UV/vis spectroscopic investigations support that the
order of magnitude of PVAm functionalization of im-
mobilized and redissolved polymer is similar.

Syntheses of the Nitroaniline Derivatives (Model Com-
pounds). Synthesis of the model compounblsisopropyl-
4-nitroaniline, N-isopropyl-2-nitroaniline N-isopropyl-2,4-
dinitroaniline was accomplished by reaction of isopropylamine
with the corresponding fluoronitroaromati®s-or synthesis
and characterization ®,N'-diisopropyl-2,4-dinitrobenzene-
1,5-diamine, see ref 14.

Synthesis of the Model Compound N-Isopropyl-
4-azobenzene-2-nitroaniline. 4-Fluoro-3-nitroazobenzene
(FNAzoB, 1.0 g, 4 mmol) was dissolved in 40 mL of toluene,
and 1 mL of isopropylamine (24 mmol) was added. The
reaction mixture was heated for 12 h at 8D. Then, the

internal standard.

The solid-state’*C{'H}-CP-MAS NMR spectra were
measured on a Bruker AMX 400 spectrometer. Chemical
shifts were measured relative to adamantane.

UV/Vis Spectroscopic MeasurementdJV/vis absorption
spectra of functionalized PVAm/silica powder samples were
measured employing a UV/vis MCS 400 diode-array spec-
trometer (Carl Zeiss) connected to a diffuse reflectance
accessory via glass-fiber optics.

X-ray Photoelectron Spectroscopy (XPS) Measure-
ments.The XPS studies were carried out with an Axis Ultra
photoelectron spectrometer (Kratos Analytical, Manchester,
U.K.). The spectrometer was equipped with a monochromatic
Al Ko (h-v = 1486.6 eV) X-ray source of 300 W at 15 kV.
The kinetic energy of the photoelectrons was determined with
a hemispherical analyzer set to a pass energy of 160 eV for

excess of isopropylamine and solvent were distilled off at wide-scan spectra and 20 eV for high-resolution spectra.
140 °C. The solid orange residue was recrystallized from During all measurements, electrostatic charging of the sample
methanol, giving intense orange needles with a melting point was prevented with a low-energy electron source working
of 90—-91 °C in 90% yield.*H NMR (300 MHz, 6, ppm, in combination with a magnetic immersion lens. Later, the
CDXCly): 8.77 (d, H, J = 2.20 Hz), 8.36 (s, H, —NH), spectra were mathematically shifted by the value which was
8.10 (dd, H,J=9.34 Hz,J = 2.20 Hz), 7.86 (dd, &, J = necessary to set the C 1s component peak of the saturated
8.24 Hz,J = 1.65 Hz), 7.457.55 (m, H, J = 8.79 Hz,J hydrocarbons to 285.00 eV.
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Table 1. Degree of Substitution s of Various Chromophoric Poly(vinylamine)s onto Silica Particles by Using the Molar Absorption Coefficients
of Model Compounds in Methanol via UV/Vis Spectroscopy [Initial Amount of n (fluoro compound)h (PVAmM)/n (silica) = 0.3:1:10]

Fluoro compound | Formed chromophoric unit of gM:ﬁe’ ml suliztgiiflfiglf s
used the PVAm on silica me _?no R o
[l mol” cm™] [mol%]
4
1| 4FNB %—NH—@— 2('329301:1?) 7.0 (UV/vis)
3
2|  2.FNB %‘"”‘Q 430 mm) 34.5 (UVivis)
% Q J
—NH 133
3 4-FNA » M - ('H-NMR)
2

é_ /CH3

NH—</ >— 33

4| 4-DMFNA ke - (HNMR)
O2N

—</ >_ 3
5 FDNB %NH N 7(4119 Oxmlr?) indeterminable
O,N
LD .
6 DFDNB NH;@[N H 1(4113 7><mlr?) indeterminable
O:N NO,
a _Q 8.96 x 10°
7 FNAzoB N N ('4 40 nm) indeterminable
ON
H
/
é_NHQ NO, .
1.52 x10 .
8 4-N-DNP- 2.0 (UV/vis)
O:N
FNA 2 b (362 nm)
NO,
V4 Q N2 1 64 x 10
—NH Q . .
? | FDNstilbene % (389 nm) 17.5 (UVivis)
0N

Quantitative elemental compositions were determined from Results and Discussion
peak areas using experimentally determined sensitivity
factors and the spectrometer transmission function. The
background spectrum was subtracted according to SHitley.

The free parameters of the spectrum deconvolution into
?lj)"mv?lg,:ﬁn;tpﬁ;?_;g;rmeut:e(&ﬂﬂ?g a?]r;e;% (CI?:J ésr::qght’ a degree of hydrolysis of about 97.3 wt %, because PVAmM

0
Lorentzian ratio. During all measurements, the base pressure with a middle degree (2680 wt %) of amino groups
in the anaylsis chamber was10-¢ Pa. undergoes intramolecular amidinium ring formation upon

T o treatment with an acid (silica), which is disturbing.
Electrokinetic Measurements. All electrokinetic mea-

Commercially available PVAm with a molecular mass of
surements were performed as electrophoresis experlment%lbout 400 000 g mot adsorbs in a larger amount on silica
with a ZetaSizer 3 (Malvern, U.K.). The samples were

compared to other available samples of lower molecular
suspended in 1G mol L~ KCI solutions. The pH values L :
. : weight? Therefore, we have chosen an aqueous solution of
were adjusted with 0.1mol1: HCI or 0.1 mol L' KOH, v .

X : o o ) oly(vinylamine) withM, = 400 000 g mol* and pH= 11
respectively. The particle velocities in an electrical field with zsge(m aI}I/y for th)IS workn 9 P
Znsé:ﬁgr%:zt?f féanO I\c/) ?I:nl V;eLee/rr\jiaf;;gj Prﬁtlaaztlzclt)rgﬁipr: gtric Silica-free nitrophenyl-functionalized PVAmM’s show vary-

: y ploying ' ing solubility behavior. While the PVAm treated with 4-FNB
potential (zeta potentiaf) values were calculated from the

measured velocities according to the Smoluchowski's e ua—(l) and 2-FNB @) is readily soluble in both water and
tion 36 9 448 methanol, the 2,4-dinitrophenyl-functionalized PVAm is only

The synthetic procedure for producing the chromophore-
substituted poly(vinylamine) coated silica particles has been
adjusted concerning the optimal time for reaction and choice
of the polymer. We have used a full hydrolyzed PVAm with

(36) Nitzsche, R.; Simon, Em—Technisches Messen: Sensqr@éeréie,

(35) Shirley, D. A.Phys. Re. B 1972 5, 4709-4714. Systemeél 997, 64, 106-113.
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Figure 1. Photograph of functionalized PVAm/silica-01, -02, -05, and -06 300 400 500 600 700 800 250 350 450 550 650 750
(4-nitrophenyl-, 2-nitrophenyl-, 2,4-dinitrophenyl-, and 2,4-dinitro-1,5- wave length A [nm] wave length . [om]
phenylenediamine-functionalized PVAm onto silica particle). Figure 2. UV/vis absorption spectra of functionalized PVAm/silica-01,

-02, -05, and -06 (4-nitrophenyl-, 2-nitrophenyl-, 2,4-dinitrophenyl-, and
2,4-dinitro-1,5-phenylenediamine-functionalized PVAm onto silica par-

partially soluble in water and methanol with swelling in the ticles)

latter. The PVAmM treated with DFDNBJJ is only sparingly

soluble in water and insoluble in methanol. The PVAM yy/is spectroscopic measurements. The UV/vis absorption
treated with FNazoB7) is insoluble in water and methanol. spectra of the silica-01, -02, -05, and -06 are shown in Figure
The solubility of PVAm treated with 4-FNA 3) and 2

4-DMFNA (4), respectively, was improved in water. Using
the integral ratio of the aromatic protons at-#A5 ppm to
the CH—CH protons of the polymer chain at +:3.6 ppm
(—CH; groups) and 2.83.1 ppm CH groups), the degree

As presumed, the incomplete solubility of the 2,4-
dinitrophenyl-functionalized PVAm (reaction of Sanger’'s
reagent with PVAm) in water is likely attributed to the fact
that one of the two nitro groups is also substituted by an

O{. su:sggilondof _thet.2-n|tro—1|,4—ber;zenzdlaTlne—fuzctmn— amino group derived from the PVAm. The concentration of
alize m derivatives (polymer 3 and polymer 4) was those structure moieties is too low to be detectable by solid-

determined byH NMR spectroscopy in BED (see Table 1). state 13C{1H}-CP-MAS NMR- or DRIFT-spectroscopic

Model compounds were synthesized to determine the jyestigations. The solid-statéC{'H}-CP-MAS NMR spec-
degree of substitution of the nitrophenyl-functionalized trym shows only wide aromatic signals. An indication for
PVAm's by means of UV/vis spectroscopy (see ed’lihe the disubstitution reaction is the appearance of a shoulder
structure of the respective model compounds relates to thej the UV/vis absorption spectrum of silica-05/at= 550
expected chromophoric unit in the polymer. Because the nm, which is not observed in the soluble fraction of 2,4-
model compounds are insoluble in water, the molar absorp- ginitrophenyl-functionalized PVAm in water (see Figure 2).
tion coefficientsevode were determined in methanol by UV/ Thjs signal relates to silica-03 because an identical chro-
vis spectroscopy. PVAm treated wifi) 6, and7, respec-  mophore is present for which the UV/vis band position is
tively, was not completely soluble in water or methanol. pH-dependent. At pi 1, the shoulder at 550 nm disappears
Thus, the degree of substitution for these modified silica o sjlica-05 according to ref 15, which is a strong hint at
samples could not be determined using the procedure fromeross-linking that occurred by disubstitution. Thus, 2,4-
eq 1. Conversion cannot be determined, since enhancedjinitrophenyl-functionalized PVAm on silica (silica-05)

cross-linking reactions occur as observed for the high reactivepehaves similarly to 2,4-dinitro-1,5-phenylenediamine-func-
fluoroaromaticss, 6, and7, because the amount of extract-  tjonalized PVAm (silica-06).

able fraction is negligible and not representative for the 114 influence of pH on the UV/vis spectral properties was

immobilized one. An idea to circumvent the high reactivity - ¢ qjed for all samples. No remarkable effects were observed
problem was to use a lower reaction temperature (293 K). tor the chromophore-functionalized PVAm/silica-01, -02,

Unfortunately, this procedure is completely unsuitable, .05, -06, -07, -08, and -09. The UV/vis absorption spectra
because a rapid precipitation of the functionalized polymer ¢ o samples silica-07, -08, and -09 are shown in Figure

takes place associated with a gel process involving the silicag e photographs of the functionalized silica-07, -08, and
particles. Then, it was not possible to separate the function-_ng are shown in the inset.

aliz.ed particl'es from the mixture.'Therefore, all functional- Silica-03 (2-nitrophenylenediamine-functionalized PVAmM/
Ization react|.on§ have been carried out at 100(37? K_)' silica) and silica-04 N,N-dimethyl-3-nitrop-phenylenedi-
The quantitative results of the degree of substitution of amine functionalized PVAm/silica), respectively, show a
the chromophoric poly(vinylamine)s onto silica particles and significant effect of the UV/vis absorption on pH (see Figure
the molar absorption coefficients of the related model 4). In acidic medium (pH= 1), both samples are colored

compounds in methanol are summarized in Table 1. yellow (for silica-03,Amax = 420 nm; for silica-04Amax =
A series of functionalized silica particles produced by this 429 nnj. In basic medium (pH= 11), both samples show a
methodology are shown in the photograph in Figure 1. purple color (for silica-034max= 512 nm; for silica-044max

UV/vis absorption spectra have been recorded from the = 490 nm).
solid dried powders. As reference, a PVAm-functionalized The significant dependence of the UV/vis absorption
silica was used, which was prepared by adsorption of PVAm wavelength of the silica particles on pH shows the analytical
on silica in water. The intense colored PVAm/silica-05, -06, potential of the chromophore-functionalized particles as
-07, and -09 were mixed and ground with bare silica for indicators to evaluate the proton concentration in solutions,
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Figure 3. UV/vis absorption spectra of 4-azobenzene-2-nitrophe(silica-07), 4N-(2',4'-dinitrobenzene)-2-nitrophenylsilica-08), and 4nitrostilbene-
2-nitrophenyt-(silica-09) functionalized PVAm/silica particles (inset: photograph of functionalized PVAm/silica-07, -08, and -09).

124 05 1 5 shows wide-scan XPS spectra of unmodified silica (a),

silica-03 silica-04
. ’[/\N%E\"ay/ 045 AR Y PVAm adsorbed onto silica (b), 2,4-dinitrophenyl-function-
) ¢/"°‘ 04 dj’“‘ alized PVAm/silica (silica-05) (c), and 2,4-dinitro-1,5-
08 L 3% e, phenylenediamine-functionalized PVAm/silica (silica-06) (d).

on silica The inset shows the regions of the F 1s spectra of the
functionalized hybrid materials. Residual fluorine has been

found in all samples.

In the case of functionalization with DFDNB, a more
intensive F 1s peak is observed. The inset in Figure 5d shows
that this F 1s peak is composed of two component peaks

on silica

Absorbance [a.u.]
Absorbance [a.u.

02| apH=1
b)pH=7
c)pH=11

a)pH=1
0.05 { b)pH=7
c)pH=11

0 T T T t
300 400 500 600 700 800 300 400 500 600 700 800

indicating two chemically different fluorine species. While
weve ength ol weve lengtha fom the binding energy of component peékagrees with the
Figure 4. Influence of pH on the UV/vis absorption of 2-nitm- o 9 gy _p P g.
phenylenediamine-functionalized PVAmysilica (silica-03) ahis-dimethyl- binding energy of the fluorine traces found in all other sam-

3-nitrop-phenylenediamine-functionalized PVAm/silica (silica-04). ples (BE~ 688.9 eV), component pedk shows a signifi-

melts, or solids, especially particle-filled or fiber-enhanced cantly Iovyer binding engrgy (_B@ 68_6'6 ev), which i,S
composite materials as well as biomaterféls. rather typical for the fluoride anion. A direct bond of fluorine

Table 2 shows the results of the quantitative elemental {0 @n €lectron-rich phenyl ring should decrease the F 1s
analyses (C, N) of the chromophoric silica particles. The binding energy. Howeyer, the relatively small amount of the
overall degree of functionality relating to the gross amount detected fluorine species makes sure that both fI_uonng atoms
of PVAm and fluoroaromate ranges between 15.2% (silica- of the DFDNB were subs_tltqted during the re.actlon with the
08) and 82.5% (silica-06). As expected from the kinetic P\_/Am molecule. (Quantitative elemental ra_tlos were dgter—
results from ref 14, the conversion clearly correlates with Mined from the XPS analyses; see Supporting Information).
the reactivity of the fluoroaromatic. The high-resolution C 1s spectrum (Figure 6) shows that

XPS Spectroscopic InvestigationXPS spectra were taken  the majority of carbon is derived from the adsorbed PVAm.
from all chromophore PVAm-modified silica particles. Figure The spectrum was deconvoluted into three component peaks.

Table 2. Results of the Quantitative Elemental Analyses of the Surface Functionalization of Silica Using Various Fluoroaromatics with PVAmM
(initial amount of N(fluoro compound)/n(pVAm)/n(smca) = 0.3:1:10)

fluoro silica Cmeasured Ccalculate((for Complete ratio of Cmeasured Hmeasured Nmeasured
compound used sample (%) conversion) (%) to Cealculated %0) (%) (%)
none silica-PVAmM 2.62 3.74 70.05 11 1.14
4-FNB silica-01 1.99 6.71 29.66 1.14 0.53
2-FNB silica-02 2.17 6.71 32.34 1.12 0.68
4-FNA silica-03 2.58 6.66 38.74 1.16 0.87
4-DMFNA silica-04 2.51 7.62 32.94 121 0.78
FDNB silica-05 5.12 6.58 77.81 1.35 2.22
DFDNB silica-06 5.43 6.58 82.52 1.44 2.12
FNAzoB silica-07 4.14 9.45 43.81 1.22 1.42
4-N-DNP-FNA silica-08 1.39 9.15 15.19 1.09 0.50

FDNstilbene silica-09 3.25 10.13 32.08 1.31 0.62
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groups was determined to be ca. 8%, which is in good
agreement with NMR data taken for the employed PVAm.
According to the stoichiometry of PVAm, the area of

component peaK should equal the area of component peak
Y. Surface contaminations of hydrocarbons contribute to
component peak to double its intensity.

The corresponding N 1s spectrum (Figure 6) shows that
primary amino groups (ENH,, component peald) are
<) M% ] equilibrated with protonated forms (@N*H3z, component
693 688 683 678 peakB). The amide nitrogen also contributes to component
peakA. The N 1s XPS spectra show two N 1s peak areas
observed at about 400 and 406 eV for the samples using the
fluoroaromatic2, 5, 6, 7, and9, respectively. The signal at
- | about 406 eV is not observed when the fluoroaromati,
4, or 8 have been used. According to the literature, the signal
at 406 eV is clearly attributable to the nitro group bonded at
the phenyl ring®’
2 _‘.\«_"__—A\ The nitro group causes a strong chemical shift of the N
| __—I_Jw ‘U._._‘ 1s signal to higher binding energies (Figure 6 parts ¢ and
1000800 6°°Bin‘f§,‘ngni$§y [eV(; d). According to the for_mal mesomerism, the two nitro
Figure 5. Wide-scan XPS spectra of unmodified silica (a), PVAm adsorbed groups should be _Chemlca”y identical and app_e_ar as one
onto silica (b), 2,4-dinitrophenyl-functionalized PVAmy/silica (silica-05) (c), component peak in the N 1s spectra. Surprisingly, all
and 2,4-dini;ro-l,5-phenylenedi_amine-functionalized PVAm/siIica_(siIic_a- recorded N 1s of samples bearing a detectable number of
gsz)r(gj)n::tilr?;? shows the regions of the F 1s spectra of the functionalized nitro groups show a cle_ar §plitting of the-GIO, banq into
two component peaks indicated Byand E. The splitting
Cls Nls of this signal at 406 eV into two signals at 405 and 407 eV
D4 can be explained by an intramolecular hydrogen bond
¥ formation including a neighboring amino or nitroaniline
E moiety due to the pushpull character ofortho- or para-
nitroanilines. The oxygen of the nitro group in the ortho-
position of the secondary amino group can interact with the
acid hydrogen of the amino group via a hydrogen bond. The
nitro group in para-position cannot be involved in such
intramolecular interaction along a polymer backbone. Hence,
the electron densities on the nitrogen atoms of the two nitro
groups should be different, and a chemical shift is observed.
Unfortunately, it was not possible to produce a sample that
4 has a clearly detectable amount of nitro groups only in the
para-position. Basically, XPS analyses of 2-nitrophenyl-
functionalized PVAmM'’s at surfaces require additional future
work using model compounds and comparison with other
spectroscopic methods such’& NMR spectroscopy. But
2 415 410 405 400 395 this is not the objective of this work.
Binding Energy [eV] Binding Energy [eV] X ) ) .
Figure 6. High-resolution C 1s and N 1s XPS spectra of PVAm adsorbed NO_W’ we will discuss the Iacl_< O_f _the nitro g_I’OUp S|gn§1I
onto silica (b), 2,4-dinitrophenyl-functionalized PVAmysilica (silica-05) (c), despite the occurrence of the significant UV/vis absorption
and 2,4-dinitro-1,5-phenylenediamine-functionalized PVAm/silica (silica- of the nitroaniline moiety for the samples silica-01, silica-
06) (d)- 03, silica-04, and silica-08. It is remarkable that the fluoro-
The main componerX shows saturated hydrocarboi@H,). nitroaromated, 3, 4, or 8 are less reactive compared2p
The second component pegkepresent€—N amino bonds 5, 6, 7, or 9. In other words, the N 1s signal for aromatic
relating to the polyelectrolyte. The third component pgak nitro groups is only observable if highly reactive fluoro-
appears from the carbon of the nonhydrolyzed formamide aromatics have been used for the functionalization reaction.
groups in PVAm (8=C—NH). As can be seen in Figure 6, This result requires a detailed explanation. The different
the high-resolution C 1s spectra do not show significant success to analyze the nitro group by means of XPS could
changes after the functionalization reactions with fluoro- pe dependant on the place where the substitution reaction
aromates. The formed secondary amines and the additionallyoccur. The particles have a more-or-less spherical shape. In
introducedC—NO, groups cannot be separated from the this case, the actual information depth (ID) of the XPS
component peal. The intensities of component peaks

were too small to allow a trustworthy separation. Regarding (37) Liu, Yi-Chun; McCreery, R. LJ. Am. Chem. So4995 117, 11254-
the total amount of amino groups, the amount of formamide 11259.

Nls Si 2s
Si2p

b)
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100+ Table 3. BET Surface Area and Average Pore-Size Radius Range of
bare sili the Various PVAm-Functionalized Silica Particles Compared with
80 BIE 8.8 the C-Content Ratio from the Elemental Analysis
P
=X average pore
=
\'ﬂ._; 601 PVAm/silica fluoro radius (%) ratio of
g 40 compound silica BET 2-5 5-10 Cpeasured0
° used sample  (m2g7Y) nm nm  Cecalculated(%0)
> 20 none bare silica 395 79 4
none PVAm/silica 143 7 49 70.05
0- i 4-N-DNP-FNA silica-08 189 16 66 15.19
1 2 5 10 20 100 4-FNB silica-01 181 14 66 29.66
Pore radius (nm) FDNstilbene silica-09 227 15 66 32.08
100 2-FNB silica-02 227 24 60 32.34
4-DMFNA silica-04 204 28 54 32.94
o 80+ . 4-FNA silica-03 191 18 64 38.74
$ silice1l] FNAZoB silica-07 193 56 36 43.81
“U—; 60+ FDNB silica-05 274 53 38 77.81
g DFDNB silica-06 274 69 22 82.52
3 401
o . . L .
> 0. moieties are differently distributed in the PVAm layer. The
vertical distribution seems to depend on the reactivity of the
0- fluoroaromatic. Less-reactive fluoroaromatics such as 4-FNB

2P0rc?‘adi:12 (nzl'?l) 1 (D), 4-FNA 3), and 4-DMFNA @) preferably react with

Figure 7. Pore-size distribution of bare silica, PVAm/silica, and chro- PVAM in th.e pores of .Slllca’ whereas more-reactive com-
mophoric-functionalized PVAm/silica particles using differently reactive POUNds rapidly react with the PVAm before they can enter
types of fluoroaromatics (silica-0% 4-nitrophenyl-functionalized PVAmM/ the pores (see Scheme 4).
silica and silica-05= 2,4-dinitrophenyl-functionalized PVAm/silica). This explanation is supported by the fact that the adsorp-
methods follows an angular-dependent distribution where ID tion of pure PVAm on silica results in a related pore-size
= ED(A) cos 6. ED is the escape depth of photoelectrons distribution, just as when a lesser-reactive fluoroaromatic has
depending on their mean free pathand 9 is the angle been used. However, functionalization of PVAmM with
between the sample’s surface normal and the electron-opticalchromophores always disturbs the dense covering of the silica
axis of the XPS spectromet&The maximum escape depth surface by PVAm. The effect is significantly observed for
for N 1s photoelectrons produced with AbKX-rays is not the micropores of 25 nm average pore radius when the
higher than 8 nm. But photoelectrons escaping the samplehighly reactive fluoroaromatic§, 6, and7 are used. Then,
from this depth do not strongly contribute to the spectral the pore-size distribution after functionalization comes closer
information, because the andlechanges with the curvature  to that of bare silica.
of the surface. Perhaps the electron beam cannot detect the Electrokinetic Investigation. Electrokinetic measurements
nitro groups in the depth of the PVAm-loaded particles’ are established to study the charge distribution in an
surfaces? They are likely covered by a nonchromophore-interphase, which is produced when a solid is in a thermo-
functionalized PVAm. Therefore, it is assumed that the less- dynamic equilibrium with a liquid. The employment of an
reactive fluoroaromatics have not reacted at the peripheryagueous solution as liquid phase offers the possibility to vary
of the PVAm-functionalized silica particles. the pH of the surrounding of the solid and control the

This interpretation is supported by the fact that samples adsorption of hydronium ions @@*) and/or hydroxide ions
showing the N 1s peak at 406 eV bear a low [Si]/[C] peak (OH~) on the solid surface. The inert salt (e.g., KCI) keeps
area intensity ratio in the XPS spectrum, excluding silica- the ion strength nearly constant during varying of the pH
02. But the intensity of the N 1s peak at 406 eV of silica-02 value. The correct execution of electrokinetic experiments,
is much lower, as observed for the silica-05, -06, -07, and especially the microelectrophoresis and the correct transfor-
-09. mation of the measured electrophoretic mobility into zeta-

BET Analysis. An independent support for the hypothesis potential values, is controversially discussed in the litera-
that the chromophores are differently located in the polymer ture®4*The correct transformation of the measured values
layer provides the analysis of the pore-size geometry of the into zeta-potential values requires the knowledge of the
silica hybrid particles. The bare silica substrate used for the permittivity and the viscosity of the liquid in the interphase
functionalization reaction shows a BET surface area of 395 and must consider the phenomenon of surface conductivity.
m? g~1. The main average pore radius amounts+d.6 nm. This effect can be remarkable if high ion concentration
Figure 7 shows the pore-size distribution curves for bare differences in the double layer and the liquid, i.e., as a
silica, PVAm/silica, 4-nitrophenyl-functionalized PVAm/ consequence of specific ion adsorption or dissociation of
silica (silica-01), and 2,4-dinitrophenyl-functionalized PVAm/ functional surface groups are present. However, in electro-
silica particles (silica-05). The results of the BET analyses phoretic experiments, it seems not possible to determine such
of the functionalized samples are shown in Table 3. values with satisfactory precision. Hence, the zeta-potential

Results of BET measurements and pore-size distribution values discussed here should be considered as apparent zeta-
strongly support the argument that aromatic nitro group potential values. The pH-values were measured after adjust-
ment of the thermodynamic equilibration between the solid

(38) Fadley, C. SProg. Surf. Sci1984 16, 275-388. and the liquid phase.
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Scheme 4. Suggested Model for the Reaction of Preadsorbed 60
Fluoroaromatics with PVAm on the Silica Surface
40
NH,
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Zeta potential { [mV]
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pH (measured in 10° M KCI)

NH, NH, Figure 8. Dependence of the apparent zeta-potential valGesr( pH of
NH, an aqueous KCI solutiorcgci = 1073 mol L) determined from micro-
electrophoresis experiments. Bare silia),(PVAm/silica @), 4-nitro-

H, phenyl-functionalized PVAm/silicaX silica-01), 2-nitrophenyl-function-
alized PVAm/silicad silica-02), 2,4-dinitrophenyl-functionalized PVAmM/
silica (O silica-05), and 2,4-dinitro-1,5-phenylenediamine-functionalized

NH, PVAm/silica (a silica-06). The point indicated with IEP exemplarilyy shows
NH, the isoelectric point, which is the pH where the zeta potential is zero.

Z
u

the PVAm layer. The IEP represents the equilibrium between
free silanol groups and adsorbed amino groups. Therefore,
free silanol groups on the silica surface are better accessible
by hydroxide ions, since the polymer layer is stronger cross-
linked and, thus, more rigid (highly reactive fluoroaromatics,
Scheme 4B). Additionally, a larger part of amino groups are
converted by the fluoroaromatic. Therefore, fewer amino
groups are present to neutralize the silanol groups, and a
weaker shift of the IEP results.

Conclusion

Preadsorption of reactive fluoroaromatics on silica and

(A nitrob derivative ( &) adsorbed s before th subsequent nucleophilic substitution with PVAmM in water

, hitrobenzene derivative rectange adsorbed onto silica before the o H H H H
reaction with PVAm starts; B, adsorption of functionalized PVAm through aF_lOO C _results In chromophorlc-fypctlonallzgd PYAm/
reaction of highly reactive fluoroaromatics with PVAm; C, adsorption of  Silica particles. The PVAmnitroaniline functionalities
functionalized PVAm through reaction of less-reactive fluoroaromatics with  ramain irreversibly fixed on silica, as shown by extraction
PVAM). . '
) ol how | velv the al experiments. The surface charge has been completely altered
Zeta-potential measurements show impressively the alter-¢.q 1, o negative value of bare silica to a positive value of

ing of the surface charge of the chromophoric-functionalized pyamysilica, which shows that the functionalization process
PVAm/silica particles compared to that of the bare silica. ;g very effective. By this new methodology, a lot of

Figure 8 shows a series of zeta-potential values as functiongy,ctyrally different chromophores can be introduced. It is
of the pH. assumed that the vertical distribution of the chromophore is

A strong shift of the isoelectric point (IEP) from pH influenced by the reactivity of the fluoroaromatic used.
2.5 of bare silica to pH~ 10 is observed for the silica
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