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Abstract

The influence of glass surface modification in order to determine strength of the monolith attachment was studied. Modification consists
of pre-treatment of the glass with chemicals or boiling in deionized water, silanization and drying has been investigated on different types of
glass. Amount of silane groups was determined by measurement of the contact angle between the glass surface and water drop. The highes
values were found for soda—lime glass. Strength of the monolith attachment was established by pumping ethanol through the monolithic
capillaries and measuring the pressure drop at which monolith was dislodged. Surprisingly, it was found that the critical part of the glass
surface modification procedure is glass pre-treatment. Good results were obtained with glass boiled in water for 2.5 h or more.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction A major need for bonding of organic polymers to inor-
ganic phase arose in 1940 when glass fibres were for the
Use of the monoliths as a stationary phase in capillary first time used as reinforcement material in organic resins
columns was greatly expanded in the last few y§hfsThe like reinforced plastics and electric cables composed of cross
reason for that is an easy preparation, possibility of attach- linked polyethylend4]. Normally, vinyl silane or methacry-
ment to the glass surface, absence of the packing proceduréate silane was used as a coupling agent, because it contains
and excellent performandga]. at least one functional group with double bond, which can
The procedure for the capillary column preparation con- readily react with organic polymer, and functional groups that
sists normally of three stefd4,3]: glass surface modifica- react with silanol groups on the glass surfige It acts as a
tion, polymerization and washing. The glass surface modi- compound that provide at the interface of dissimilar materials
fication consisting of glass pre-treatment, surface activation, in a composite, a stable bond resulting in improved compos-
commonly using silane to achieve covalent attachment of theite properties and preservation of these propeffiés The
monolith, and drying might be the most labour demanding molecular mechanism of silane coupling is a complex pro-
part of the whole procedure. Although the silanization of the cess and depends on the type of glass and silane, type of
glass surfacgt—10]as well as characterisation of monolithic  pre-treatment, silane solution and also drying condit[6hs
capillary[1,2,11,12]have been studied extensively only few Naviroj et al. indicated that different mineral surfaces have
reports describe the influence of the glass surface modifica-different interactions with the silane coupling aggt]. In
tion procedure on the binding of the chromatographic mono- addition, the methods used to apply the silane to the glass
lith to the glass surfacd,13]. surface influence the structure and properties of the silane
layer[4].
In this article the modification of the glass surface for
* Corresponding author. Tel.: +386 1 426 56 49; fax: +386 1426 56 50. Methacrylate monolith attachment is investigated. The effi-
E-mail addressales.podgornik@monoliths.com (A. Podgornik). ciency of glass surface modification procedure consisting of
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a glass pre-treatment, silanization and drying protocol, using ji) 0.1 moll~! sodium hydroxide solution, 30 min in an ul-
different types of glass, was studied. trasonic batt8];

(iii) Deionized watel{16], 3h at b.p[17];
(iv) 1moll~1 sodium hydroxide solution for 2h at b.p.

2. Experimental [3,13,18]
(v) 0.2mol "1 sodium hydroxide for 30 min, washed with
2.1. Instrumentation water, immersed in 0.2 mott hydrochloric acid solu-

tion and washed with wat¢t 9—23}

A scanning electron microscope (SEM, JEOL, Tokyo, . .
Japan) was used to obtain the scanning electron micrographs\.Nhen pre-treqtment was complete_d, glass was ”nSEd with
The vacuum desiccator was purchased from Ka&n®eme, ethanol and dried at 1E@ overnight in a vacuum desiccator
Slovenia). A HPLC micro pump was from Knauer (Berlin, [4.16].

Germany) and the balance from Chyo balance, Chyo JL-180
(Tokyo, Japan). The heater was purchased from Tehtnica,
Rotamix 550 MMH Zelezniki, Slovenia). The camera Pow-
ershot Pro 90 IS was provided from Canon (Canon, Ireland).
Surface roughness measurements were performed with Mi
tutoyo tester (Kanagawa, Japan).

2.3.2. Silanization

Thereafter, the glass was treated with one of the listed
solutions containing 3-(trimethoxysilyl)propyl methacrylate
_[4,24] in order to provide bonding sites (double bonds) for
the polymer onto the glass surface:

(i) 0.5% solution of silane in watej25] adjusted with
22 Materials 1 molI~* acetic acid to pH 4, 1 [4,7,8,26]
(i) 30% solution of silane in acetone, 24 h atZ5[19,21];

Glycidyl methacrylate (GMA, 99%), ethylene dimeth- (i) 15% solution of silane in dried toluene, overnight at

acrylate (EDMA, 98%) and 2,2-diphenyl-1-picrylhydrazyl 35°C[4]; . . ] } ]
hydrate (DPPH, 95%) were purchased from Sigma—Aldrich (V) 50% solution of silane inN,N-dimethylformamide
(Steinheim, Germany). Cyclohexanol (CyOH, 99%), with  0.01% 2,2-diphenyl-1-picrylhydrazyl hydrate
1-dodecanol (DoOH, 99%), 3-(trimethoxysilyl)propyl [3,11,13,18]6 h, 40°C;

methacrylate $98%) and dried toluene were ob-
tained from Fluka (Buchs, Switzerland). Diethylamine 2-3.-3. Washing and drying

(DEA, 99%), benzoyl peroxide (BPO, with 25% wa- Finally, the glass was extensively rinsed with a solvent
ter), hydrochloric acid (37%), acetic acid (100%) and Solutionwithoutsilane withacetone afterwaf#g] and dried
N,N—dimethylformamide (DMF, 99.5%,) were from Merck Using two different drying conditions:

(Darmstadt, Germany). Acetone was purchased from (i) dried at 110°C for 7 min[24];

Rathburn (Walkerburn, UK) and ethanol was from Phar- (iiy gried in a vacuum desiccatd8] at room temperature,
machem (Ljubljana, Slovenia). Potassium permanganate overnight.

was obtained from Applichem (Darmstadt, Germany).

Deionised water was obtained by passing water through a, , Contact angle measurements

water deionizer, from Watek (Ledenad Sazavou, Czech
Republic).

: o The amount of the bound silane was also estimated with
Soda-lime capillaries (50 mm510pum 1.D. x 750pm

o contact angle measuremefi®s6]. Contact angle was deter-
O.D.) were purchased from Euroglass (Ljubljana, Slove- ineq phy drawing a tangent line on a liquid droplet at the

nia). Pyrex glass plates (25 ma25 mm) were donated from 40t hetween a droplet and the solid surface.
Ematgg (Baden, Switzerland), the soda—lime glas_s and the  1he 10uL droplets of deionized water were applied on
borosilicate glass plates (25 ma25 mm) were supplied by 6 giass surfaces and the pictures was taken with a digital

Bra_nd (Werthelm/Maln, Germany). Fused _S'I'Ca untreated ., mera. The contact angle measurement was estimated from
capillaries of 50 mm« 250um |.D. were obtained from Su- 4 pictyre and calculated as the mean value of 3 separate mea-
pelco (Bellefonte, PA, USA) surements. The standard deviation of the measurements was
<3°. Experiments were performed at ambient conditions.
2.3. Glass surface modification
2.5. Monolith polymerization
2.3.1. Pre-treatment
The glass plates were extensively washed with ethanoland  Polymerization mixture consisted of glycidyl methacry-
deionized water to remove any surface impurities, immersed late, ethylene dimethacrylate and benzoyl peroxide in
in the solution and treated as follows: the presence of porogenic solvents, cyclohexanol and 1-
dodecanol (60vol.% of the reaction mixture). Soda—lime
(i) 2molI~* hydrochloric acid solution, 3h at b.p. (50 mm long) and fused silica capillaries, where the glass
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wall was modificated, were filled up completely with the
polymeric mixture, closed on both sides and the polymer-
ization was allowed to proceed for 24[@8]. Once the
polymerization was completed, capillary ends were opened
and the monoliths were washed with ethanol for 7 days
by placing capillaries into ethanol. Ethanol was exchanged
in the first two days every 12 h, afterwards every 24 h. Fi-
nally, the monolithic capillaries were washed by pumping
the ethanol through the monolith for 30 min at the flow rate
of 0.05 ml/min.

2.6. Moadification of the monolithic capillaries

In order to introduce weak-ion exchange groups on
the monolith, the monolithic capillaries polimerized in
soda—lime glass were immersed in 50% solution of ethanol
and diethylamine, overnight at 3&. Thereafter, capillaries
were extensively washed with distilled water for several days
by changing water every day twice.

2.7. Strength of monolith attachment measurements

The strength of the monolith attachment to the capillary
wall was determined by the pumping the ethanol through
the capillary at flow rates up to 0.3 ml/min (equal to the lin-
ear velocity up to 8816 cm/h). The pressure drop required to
remove the monolith from the glass capillary was recorded
and normalized on a column length for easier comparison of
results.

2.8. Microscopy

Examination of the monolith attachment to capillary wall
was performed using a scanning electron microscope, which
operated at 15kV and the applied magnification was 2000.
The capillary samples were cut into ca. 2mm long pieces,
dried in a vacuum drier overnight and fixed on a stub using a
carbon paste. Afterwards, they were sputter-coated with gold
forming 20—30 nm thick layer.

2.9. Surface roughness measurements
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(i) 15% solution of silane in dried toluerjé];

(i) 50% solution of silane inN,N-dimethylformamide
(DMF) with 0.01% 2,2-diphenyl-1-picrylhydrazyl
(DPPH)[3,11,13,18]

(iii) up to 2% solution of silane in water adjusted with
1 mol I= acetic acid to pH 44,7,8,25,26]

(iv) 30% solution of silane in acetorj#9,21]

Typically, 3-(trimethoxysilyl)propyl methacrylate is used
as a silane coupling agejit4,11-13,18-23,25,28h some
cases, the inhibitor DPPH was added to the silane solution
in order to slow down the reaction between the silane double
bonds[13]. Such columns exhibited excellent mechanical
stability and were not destroyed even when high pressure
was applied3]. It was observed that without addition of the
DPPH, there might appear voids between the monolith and
the inner wall of the capillary, whereas in the presence of
DPPH, the monolith was attached to the capillary inner wall
[13].

The structure, properties and amount of the bound silane
on the glass surface depend not only on the type of silane
and silanization method but also on the type of glass, pre-
treatment procedure and drying conditidb$. In order to
increase a density of the silanol groups, the glass surface is
firstly pre-treated by washing with adit9,20]or strong basic
solution[3,13,18]and drying afterwards, usually overnight
[8]. After pre-treatment and silanization, the glass surface is
first washed with suitable organic or agueous solution to re-
move unreacted chemicals and dried afterwards to make the
silane bonds available for reaction with the mond&h Dry-
ing is rather critical step due to a sensitivity of the methacry-
late groups present on the silane. It was found that most of
the methacrylate double bonds are lost during one hour dry-
ing at temperatures above 1@Din air[4]. However, several
polyester laminates silanized with the methacrylate silane and
dried briefly at 110C gave much better performance than
the ones dried at room temperat(4¢. On the other hand,
the binding capability was rather poor when drying was per-
formed at 160C [4]. From the reported data it is obvious
that some optimum in terms of a temperature and duration of
drying has to be determined for a particular system.

Published data about the effect of various glass surface
modifications were used as a frame for design of our experi-

Surface roughness measurements were performed On_th*?nents. Due to many different reported procedures, we closely
glass surface of the untreated and pre-treated glass boilegnvestigated influence of each step. Different types of glasses

for 2.5h in deionized water and afterwards dried at A0

in plate format, like soda—lime, Pyrex and borosilicate glass

Overnight in a vacuum desiccator. ROUghneSS of the Surface\Nere tested. Each type of g|ass was pre_treated with chem-

was measured by moving the metal tip of the instrument over
the surface and measure vertical amplitude.

3. Results and discussion
Several wall modification procedures, all applying

silanes, are described in the literatufgé—4,7,8,11,13,
18,19,21,25,26]

icals such as water, sodium hydroxide or hydrochloric acid,
immersed in aqueous or organic solution of silane and dried,
according to procedures described in details in the Section
2.3 Alltogether over 80 experiments were performed. Detalil
list of tested parameters and applied combinations is given in
Table 1

To evaluate efficiency of the glass surface treatment pro-
cedures, the quantity of silane groups was determinate. The
contact angle measurement between the glass surface and
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Table 1

Detailed list of performed treating experiment on the glass

Treatment step Conditién Soda-lime glass Pyrex glass Borosilicate glass

Pre-treatment 2mott HCl Vi v v
0.1mol - NaOH v v v
Deionized water Vv v Vv
1moll-1 NaOH v Vi
0.2mol X NaOH, 0.2 molt! HCI Vi v

Silanization 0.5% Silane in water, pH 4 v v
30% Silane in acetone v N
15% Silane in dried toluene v v Vi
50% Silane irN,N-DMF +0.01% DPPH V4 v Vv

Drying 110°C v Vv
Vacuum desiccator, room temperature V4 v v

a For condition detail see Secti@glass modification.

water droplef6,14] and chemical test using permanganate procedure. It was prepared in exactly the same manner, us-
solution[14,29]were used. The latter method was turned out ing equal type of glass, same type of a pre-treatment and
to be not sensitive enough for this particular system due to low silanization procedure but without addition of silane as well
silanized surface area and consequently lower silane amounthe same washing and drying protocol. Results of the contact
in comparison to a fibrous sample, for each the method wasangle difference measurements between silanized and unsi-
originally introduced[14]. Therefore, no conclusion about lanized glasses are shownTable 2

the quantity of bound silane could be made with perman-  From theTable 2 it can be seen that Pyrex glass for all
ganate method and alternative method, by measuring the conperformed experiments gave the lowest value of the angle
tact angle, was applied. This method is particularly suitable difference. Because of that, only few experiments were per-
for smooth surfaces. It is based on an increase of hydropho-formed with this type of glass. In contrary, the soda—lime
bicity after silane binding as a result of hydrophobic dou- glass demonstrated the highest values for almost all tested
ble bounds present on vinyl silane. Higher the contact angle, conditions and it was therefore used for further experiments.
higher the hydrophobicity, higher the amount of the present Among all tested silanization procedures, the one using the
double bonds and consequently higher strength of attach-15% silane in dried toluene solution gave the highest values
ment is expected. Therefore, the quality of surface treatmentin most of the cases. This finding is in agreement with the lit-
was checked by the difference in contact angle of water on erature data, where the suggested procedure for methacrylate
silanized and unsilanized glass surface. The unsilanized glassunctional silane binding is dried toluene soluti@. Since

was used as a reference, to eliminate the effects of treatmenall results for soda—lime glass silanized with dried toluene

Table 2
Contact angle measurement for soda—lime, Pyrex and borosilicate glass (drying conditions: vacuum desiccator, room temperature, overnight)
Pre-treatment condition Type of glass Silanization
15% Silane in 50% Silane in 30% Silane 0.5% Silane in water,
dried toluene, N,N-DMF +0.01% in acetone, adjusted with acetic
overnight, 35C DPPH, 6h,40C 24h,25C acid to pH 4
Soda-lime glass 19 19 11° /
2mol -1 HCI, 3h, b.p. Pyrex glass / 0 / /
Borosilicate glass / 6 / /
Soda-lime glass 19 14 18 17
0.1 mol 1 NaOH, 30 min, ultrasonic bath ~ Pyrex glass 2 / / /
Borosilicate glass 4 / 16° 6°
Soda-lime glass 20 10 18 10
Deionized water, 3 h, b.p. Pyrex glass (4] / / /
Borosilicate glass q / & 2°
Soda-lime glass / 3 8° o
1moll~1 NaOH, 2h, b.p. Pyrex glass / / / /
Borosilicate glass / 4 0°
0.2mol X NaOH. 30 mi Soda-lime glass / °6 13 12
olzmoll—l Hgl 36 'min, Pyrex glass / / / /
-£mo » >0 min Borosilicate glass / 1 1°
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solution gave comparable values, for further experiments

£10

pre-treatment with boiled deionized water was applied. The § 91
only treatment giving comparable value was the one using % 81
hydrochloric acid pre-treatment and silanization WitfiN- ? 7
dimethylformamide with DPPH, which was also selected for = 2
further experiments. 3,

To completely define glass surface modification proce- g 3.
dure, effect of drying was investigated on the two selected £ 5|
procedures. We found that in both cases drying under vac- £ 1] il
uum at room temperature overnight gave higher contact value % 0 | — ‘ — — lanized cail
differences (Zoand 191 respeCtiveW) then drying for 7 min - capilljlgfyllaiﬂltzcigene Capillzl:?/?r??cﬂuene gg;“famr;?r? s i?wngl?AF?SIgIP?-Iry
at110°C (18 and 8, respectively). Therefore, former drying DMF/DPPH - solution
procedure was chosen for glass treatment after silanization. Type of glass treatment

The two selected procedures can be summarized as follows:

. . o Fig. 1. Effect of the glass surface treatment on the pressure drops per length
(i) Glass was washed with ethanol and deionized water andof the monolithic capillaries. Conditions: monolithic capillaries with epoxy

placed in a beaker with 2 mott hydrochloric acid solu- groups W) and DEAE modified capillariesT).
tion for 3h at b.p. Afterwards, it was rinsed with ethanol,
dried at 110 C overnight in a vacuum desiccator and im-
mersed in 50% solution of the 3-(trimethoxysilyl)propyl
methacrylate in DMF with 0.01% DPPH for 6 h at40.
After the reaction, it was rinsed with DMF and acetone
and dried overnight in the vacuum desiccator.

(i) Glass was washed with ethanol and deionized water. Af-
terwards itwas placed for 3 hinthe deionised water at the
b.p.,dried at 110C overnightin a vacuum desiccator and
immersed in 15% solutions of 3-(trimethoxysilyl)propyl
methacrylate in dried toluene overnight at°8a After
the reaction, it was rinsed with toluene and acetone and
dried overnight in the vacuum desiccator.

silanized ones. These results differ from most of the published
data. Gusev et al. observed that the monolith polymerized in
unsilanized capillaries did not adhere to the capillary wall
at all. The monolith was easily removed by rinsing the col-
umn with a 0.1 M solution of sodium hydroxide at a pressure
drop of about 0.2 MP§L3]. Similar behaviour was observed
even for some silanization procedures. Buszewski et al. com-
pared three methods of glass surface modification to evaluate
silanization proced8]. It was discovered that if the polymer
was not bound to the capillary wall, the behaviour of the col-
umn was unpredictable and in some cases the entire monolith
or its part was removed from the capillary during the mobile
For all the experiments performed so far, small glass plates phase flow/3].
were used enabling measurement of contact angle. To evalu- To verify our conclusions based on pressure drop data,
ate the strength of the monolith attachment, instead of plates,scanning electron microscope was used to inspect the mono-
capillaries of the same type of glass (soda—lime) were used.lith attachmentto the capillary wall. Scanning electron micro-
Capillary walls were treated according to two selected pro- graphs of monolithic capillaries are shownkigs. 2 and 3
cedures and monolith was polymerized within as described There is no visible difference in attachment of the DEAE
in Section2. Ethanol was pumped through the monolith in  monolith between the silanized and unsilanized glass surface
the capillary to determine the strength of attachment. (Fig. 2). The monolith was of uniform structure and no voids
Two types of monoliths were used for testing: epoxy and within the structure can be observed. On the other hand, the
DEAE. To evaluate if there is a by pass between the wall epoxy monolith in the capillary clearly shows failure as pre-
and the monolith, a pressure drop at a flow rate 0.1 ml/min sented by scanning electron micrographs Ain Bign 3. This
was determined. Similar pressure drop values were obtainedcracks probably occurred during drying of the capillaries, re-
for all capillaries regardless the glass surface modification quired for scanning electron micrographs, causing shrinkage
procedure, even for unsilanized glass (B&g 1). Since the of the monolith. Nevertheless, the failure did not occur be-
pressure drop for all capillaries was substantial, it indicates tween the wall and the monolith but rather in the outer part of
that in all cases the monolith was probably attached to the the monolith itself. It seems that the strength of attachment
glass wall. The only significant difference was found between was higher than the connection between the monolith glob-
epoxy and DEAE monolith. Pressure drop for DEAE mono- ules. This phenomenon was not observed for DEAE mono-
lith was higher, what might be explained by the irreversible liths probably because modification caused swelling of the
swelling of monolith during modification and consecutively structure that compensated shrinkage of the monolith during
decreaseinthe pore size. Since the pressure after modificatiomrying.
increased, it seems that even a treatment with highly alkaline  From the obtained data it seems that the critical part of the
solution like 50% DEA in ethanol, did not cause detachment glass surface modification procedure is not the silanization,
of the monolith from the glass surface and it could withstand but rather surface pre-treatment. Because of that, duration of
pressure of at least up to 25 MPa. Especially surprising wasthe glass pre-treatment with boiled distilled water was studied
the finding that unsilanized capillaries behave similarly to the in details to establish the effect on the attachment strength.
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Fig. 2. Scanning electron micrograph of the inner wall of DEAE modified _. . . - . _
e I : . ) Fig. 3. Scanning electron micrograph of monolith in a soda—lime capillaries
monolithic capillaries. The capillary’s inner wall was pre-treated with hy-

drochloric acid and silanized in 50% solution of DME with DPPH (A) and  VIth the inner wall of capillaries pre-treated with water and silanized with 3-
. . ) . ; Lo (trimethoxysilyl)propyl methacrylate in dried toluene (A) and the capillary’s
Just pre-treated with hydrochloric acid, without silanization (B). inner wall pre-treated just with water, without additional silanization (B).
The soda—lime capillaries were boiled in deionized water for
0.5, 1, 2, 2.5 or 3 h and the monolith was polymerized in cap-
illaries afterwards. The monolithic capillaries were further
modified into DEAE groups to exhibit even higher-pressure
drop, and tested to the attachment strength afterwards.

Effect of the flow velocity on the pressure drop normal-
ized on capillary length is shown iRig. 4. A linear rela-
tion is observed, confirming good attachment of the mono-
lith and no by pass between the monolith and the capillary
wall. Such linear relation is typical for methacrylate mono-
lithic columns at proper functioninf0,31] To determine
the strength at which the monolith is detached from the wall
even higher flow rates were applidég. 5shows the lowest
strength at which the monolith is detached from the capil-
laries. As we can see, there is a good agreement between
time of pre-treatment and strength of attachment. This find-
ing confirms speculation that the pre-treatment is crucial part 0 :
of the entire glass treatment procedure. After 2.5 h of boil- 0 0.1 02 03 04
ing, we were no more able to detach the monolith from the Flow velocity (mi/min)

wall (the same is true also for longer boiling times) although Fig. 4. Effect of the flow velocity on the pressure drop per length of the

the pressure on the capillary was above 25 MPa, approachmonolithic capillaries. The glass surfaces were pre-treated fo#},12(5 h
ing the upper limit of the chromatographic pumps. Similar (a)and 3h @) in boiling water.

experiments were performed also with fused silica capillar-
ies. In this case, three-fold stronger attachment was obtained
indicating that this type of capillaries is even more stable.
From the results should not be concluded that silaniza-
tion does not contribute to the strength of attachment since

o m

Pressure drop / lenght (MPa/cm)
on)
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7,00 f 4. Conclusions
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The comparison of different types of glass surface modifi-
cation surprisingly shows that for attachment of the methacry-
late monoliths critical part of the process is the glass pre-
treatment, rather then silanization itself. Therefore, for the
preparation of soda—lime methacrylate monolithic capillar-
ies, glass surface modification consisting only of boiling in
deionized water appears to be sufficient to achieve strong

o
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o o
Q o

1,001 monolith attachment.
0,00- L
without treatment 0,5 boiling in 1h boiling in water 2,5h boiling in
water water
Type of glass pretreatment Acknowledgment
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