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ABSTRACT

Thermal treatment of silica at temperatures above 800°C leads to a sigmficant decrease in the silanol surface concentration Chiral
modification of such thermally treated silicas gives derived stationary phases with lower specific surface areas and lower surface
concentrations of igands The resolution of chiral amides was 1n some instances better with thermally treated n-donor chiral stationary
phases based on (R)-1-(1-naphthyl)ethylamine in comparison with the corresponding untreated phases Correlation experiments with
two homologous series indicate that retention also depends on other hydrogen-bond acceptors such as secondary hydroxyl groups near

the chiral selector

INTRODUCTION

Pirkle and co-workers [1-3] synthesized n-donor
chiral stationary phases (CSPs) for high-perform-
ance liqmd chromatography (HPLC) with a lower
surface loading of chiral ligands by using smaller
amounts of reactants These “diluted” CSPs were
developed and tested with a view to clarifying chiral
recognition mechanisms

Dappen et al [4] obtained CSPs with various sur-
face coverages depending on the order of connec-
tion of the spacer, 3-glycidoxypropyltrimethoxysi-
lane, with the chiral selector molecule and the sur-
face silanol groups A decrease in the number of
active polar sites on the silica support can increase
the enantioselectivity of the CSP for polar solutes

When using ordinary “diluted” chiral stationary
phases for the separation of enantiomers 1t 1s neces-
sary to consider that residual silanol groups can
cause disturbing polar adsorption (non-chiral inter-

Correspondence to Professor Dr H Arm, Institute of Organic
Chemustry, University of Berne, Freiestrasse 3, CH-3012 Berne,
Switzerland

* This paper 1s part of the Dissertation of R Straub [10]

0021-9673/92/$05 00 ©

action with polar functional groups of the solute)
which lower the chiral recognition by peak broad-
ening A thermal treatment prior to a chemical
modification deactivates these surfaces so much
that such polar adsorptions are mostly suppressed
For this treatment, temperatures up to 1000°C for
several hours have been applied Thermal treatment
reduces the surface area of the silica to an extent
dependent on the temperature applied and the puri-
ty of the silica [5-9]

The aim of the first part of this study was to in-
vestigate whether a thermal treatment of silica prior
to the chemical reaction decreases the surface densi-
ty of chiral igands We also compared these ther-
mally treated and lightly loaded chiral stationary
phases (TCSPs) with the CSPs previousty described
[4,10,11] The basic structure of the CSPs 1s given 1n
Fig 1 The only differences between shightly and
heavily loaded CSPs are the surface density of the
chiral ligands, the number of remaimng stlanol
groups and the structure of the support

EXPERIMENTAL

Two chiral stationary phases, one with an N-p1v-
alovl group, R, [CSP T (PIV)] and another with an
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Fig 1 Chiral stationary phases (CSPs and TCSPs) 1 and IT N-Acyl derivatives of (R)-4-(N-1-alkyloylamino-1-ethyl)-1-naphthylamine

N-cyclohexylcarbonyl group, R,, [CSP II (CYH)]
were synthesized starting from (R)-1-(1-naphthyl)
ethylamine according to a procedure described ear-
her [4,10,11] Simlar phases, TCSP I (PIV) and
TCSP 11 (CYH), but from thermally treated sup-
ports were also made and are discussed below

The elemental analyses were done with a routine
analyser 1n the microanalytical department of Ciba-
Geigy (Basle, Switzerland) and specific surface area
(Sger) measurements with a Carlo Erba Sorptomat-
1c Series 1800 instrument All samples used were
synthesized according to common laboratory meth-
ods

Materials

LiChrospher S1 100 (Merck, Darmstadt, Germa-
ny) with a particle size of 5 um and a specific surface
arca Sger = 2644 + 54 m?/g was dried at 150°C
and 0 01 mbar for 6 h prior to the bonding proce-
dure All chemicals were purchased from Merck or
Fluka (Buchs, Switzerland) All solvents used for
reactions or for washing were dried according to
general laboratory procedures For hiquid chroma-
tography, HPLC-grade solvents from Romil Chem-
icals (Shepshed, UK) were used

Sulylation of thermally treated silica

Thermal treatment Three 0 55-g portions of silica
in covered porcelaine crucibles were heated at 600,
800 and 1000°C for 4 h 1n a muffie furnace A fur-
ther portion of silica was heated for the same period
1n a Buchi GKR-51 Kugelrohr oven at 150°C and
0 01 mbar The differently thermally treated solids
were cooled 1n a desiccator containing phosphorus
pentoxide and then moved into a dry-box, further

preparations were carried out in a dry mitrogen at-
mosphere

Silylation Samples of 0 18-0 S g of the thermally
treated silica were refluxed with 0 1 ml of dry pyrn-
dine and 0 8 mmol of n#-octadecyldimethylchlorosi-
lane (ODCS) per gram of silica 1n 6 ml of dry tolu-
ene for 137 h The derived silicas were filtered and
washed successively with toluene, methanol, metha-
nol-water (1 1), water, methanol and diethyl ether
and drnied for 6 h at 150°C and 0 01 mbar No 1
(150°C) weight increase 16 7% Analysis found, C
1398, H 256, Cl <01% No 2 (600°C) weight
increase 9 5% Analysis found, C 13 83, H 2 70, Cl
<02% No 3 (800°C) weight increase 10 5%
Analysis found, C 1376, H2 83, Cl <02% No 4
(1000°C) weight increase 6 08% Analysis found,
C1042, H189, Cl <01% Data on surface cov-
erages calculated from elemental analysis are given
i Table I

CSPs Iand IT

CSP I (PIV) Weght increase 9 0% Analysis
found, C 699, H 1 51, N 0 69% Calculated 025
mmol of (R)-hgand/g stationary phase (based on N)
and 023 mmol of (R)-ligand/g stationary phase
{based on C)

CSP Il (CYH) Weight increase 7 8% Analysis
found, C 643, H 134, N 083% Calculated 022
mmol of (R)-ligand/g stationary phase (based on N)
and 020 mmol of (R)-ligand/g stationary phase
(based on C)

TCSPs I and IT
Thermal treatment In a covered porcelain cruct-
ble, 2 3-2 4 g of silica were heated at 1000°C for 6 h
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in a muffie furnace, cooled 1n a desiccator over
phosphorus pentoxide and moved for further treat-
ment 1nto a dry-box

Coating Samples of 1 9-2 0 g of thermally treat-
ed silica were reacted with 0 7 mmol of (R)-4-(N-1-
pivaloylamino-1-ethyl)-1-naphthylamine or (R)-4-
(N-1-cyclohexylcarboxamido-1-ethyl)-1-naphthyl-
amine and an equlmolar amount of 3-glycidoxypro-
pylLrii‘ﬁeLuUX_ybuaﬁe in 15 ml of u1y toluene accord-
ing to the procedure reported previously [4,10,11]

All calculations are based on the thermally treat-
ed silica gel

TCSP I (PIV) Weight increase 5 1% Analysis
found, C 471, H 067, N 03% Calculated 011
mmol of (R)-ligand/g stationary phase (based on N)
and 0 16 mmol of (R)-ligand/g stationary phase
(based on C)

TCSP II (CYH) Weight increase 4 9% Analy-
sis found, C491,HO0 73, N0 3% Calculated 011
mmol of (R)-ligand/g stationary phase (based on N)
and 015 mmol of (R)-ligand/g stationary phase
{based on C)

Liquid chromatography

To eliminate fines, the CSPs and the TCSPs were
sedimented five times 1n methanol Stainless-steel
tubes (25cm x 3 2mm I D ) were used as columns
A slurry prepared from 1 9 g of the phase and 30 ml
of dibromomethane-n-hexane (8 2) was packed 1n-
to the columns with a Haskel (Burbank, CA, USA)
Model 27486-4 airdriven fld pump at a pressure of
680 bar The columns were conditioned with metha-
nol and n-hexane

Chromatography was performed using an Altex
(Berkeley, CA, USA) Model 110 solvent metering
pump, a Hitach1 Model 100-10 vanable-wavelength
UV detector (Kontron, Zurich, Switzerland) with
detection at 254 nm, a Rheodyne (Berkeley, CA,
USA) Model 7125 syringe-loading sample injector
with a 20-ul loop, and a Tarkan W & W Model 600
recorder (Kontron) and an HP 3396 A integrator
(Hewlett-Packard, Widen, Switzerland)

The mobile phases were #-hexane-tetrahydrofur-
an (3 1) and n-hexane-2-propanol (78 22) at a flow-
rate of 1 ml/min The columns and the mobile phase
contamer were held at 20°C (Assistant WTE var
3185 thermostat, R C Kuhn, Berne, Switzerland)
Toluene as a non-retained standard, dissolved in
the appropriate mobile phase, was used to deter-
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mine the dead time, ¢, and number of theoretical
plates, No The results are given in Table I1

RESULTS AND DISCUSSION

Thermal treatment

The number of silanol groups per umt area of
porous glass or silica has been estimated or mea-
sured uy numerous workers and values n the range
4-8/nm? were found [12-14] The generally accept-
ed value 1s 4 6/nm? for surface silanol groups of a
properly dried siica Davydov [15] has shown that
the surface concentration of silanol groups dropped
from 53/nm? at 100°C to 2 6/nm?* at 400°C and
<1 0/am? at about 850°C or higher temperatures of
thermal treatment The rehydration of the siloxane
groups formed 1s usually slow and often the ther-
mally treated silica or porous glass must be heated
n hot acids [16]

In preliminary experiments with bonded chiral
stationary phases we attempted to react thermally
treated silica, from the same batch as the support
used for chiral modification, with r-octadecyldi-
methylchlorosilane 1n dry toluene Table I shows
the results of the elemental analyses A measurable
decrease 1n the n-octadecyldimethylsilyl (ODS) sur-
face concentration was obtained only after thermal
treatment of the silica at above 800°C prior to
chemical reaction In contrast, a 4-h treatment at
1000°C diminished the active silanol groups very ef-
fectively so that a significant decrease to 0 47 mmol
ODS/g was measured The bulky ODS was used to
obtain almost comparable conditions to the bond-
ing procedure with chiral hgands

TABLE 1

SILYLATION OF THERMALLY TREATED SILICA RE-
SULTS FROM ELEMENTAL ANALYSES

T = Temperature of thermal treatment, O,,(C) = surface con-
centration of ODS, based on C, from elemental analysis data

No T 0,(C)
O (mmol/g)

1 150 074

2 600 071

3 800 066

4 1000 047
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COLUMN PARAMETERS OF STATIONARY PHASES I AND II

0,,(C) = surface concentration based on C, Oy(N) surface concentration based on N, Sy =

specific surface area, ¢, = dead time,

N, = number of theoretical plates, ¢ = total porosity, mobile phases, n-hexane—2-propanol (78 22) and n-hexane—tetrahydrofuran
(3 1), flow-rate, 1 ml/min, column, 25cm X 32 mm I D, 5 ym Mean results from ten measurements with each mobile phase

Stationary Ou(C) O, (N) Seer 1* Ny* &
phase (mmol/g) (mmol/g) (m?/g) {min)

CSP 1 023 025 290 172 4300 085
TCSP 1 016 011 60 151 7900 075
CSP 11 020 022 290 171 2300 08S
TCSP 11 015 011 20 146 7900 073

¢ Toluene as non-retained standard

For the “diluted” CSPs, silica was heated at
1000°C for 6 h 1n the muffle furnace, cooled and
reacted with 3-glycidoxypropyltrimethoxystlane
and one of the chiral selectors under dry atmo-
spheric conditions Both elemental analyses and
weight difference measurements indicated a twofold
lower coverage with organic molecules than the
0 25 mmol/g for heavily loaded CSPs Table II
shows relevant physical characteristics of the four
tested stationary phases

Heavely loaded silicas have specific surface areas

TABLE III
PHENYL- AND NAPHTHYL-CONTAINING SAMPLES

DNB = 3,5-Dmtrobenzoyl

(Sger) that differ only slightly from that of the un-
modified support Thermal treatment of silica at
1000°C with a subsequent surface reaction causes a
severe decrease 1n Sger to below 60 m?/g [8,17,18]
Therefore, 1t can be assumed that at 1000°C signif-
1cant changes 1n the structure of silica occur

The chromatographic data (dead time, #,, num-
ber of theoretical plates, Ny, and total porosity, ¢
(19]) 1n Table I indicate a good packing quality of
the columns made from these ‘““diluted” phases

1-6 USED IN CHROMATOGRAPHIC EXPERIMENTS
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TABLE IV

RESOLUTION OF SAMPLES 1-6 ON STATIONARY PHASES I AND II
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Conditions mobile phase, n-hexane-tetrahydrofuran (3 1), flow-rate, 1 ml/min, column, 25cm X 32mm 1D, 5 um, detection, UV at

254 nm k% = Capacity factor of the first-clute enantiomer, « = separation factor

Stationary Sample

1 2 3 4 5 6

k', o k' a k', a ' o k| o i «
CSP1 492 217 282 101 6 66 105 2 86 110 1030 105 050 106
TCSP I 563 214 223 103 695 117 248 118 430 108 075 113
CSPII 414 215 356 nr? 619 112 324 109 818 104 051 nr*
TCSP 11 711 226 301 108 8 44 116 233 110 528 107 075 125

7 No resolution

Samples

The phases were tested with aromatic amides de-
rived with N-acyl groups of different z-acidity and
bulkiness Table III shows the structures and Table
IV gives the chromatographic results for six sam-
ples

The thermally treated chiral stationary phases
separate virtually all test enantiomers better than
the corresponding heavily loaded phases, the sep-
aration factors, o, are about 0 1 umt higher The
capacity factors, kY, follow no distinct tendency In
fact, for the amudes 1, 3 and 6 longer retention times
were measured on TCSPs I and 1T than on the corre-
sponding CSPs without thermal treatment of the
support Mauss and Engelhardt [8] exammed the
mnfluence of thermal treatment on chromatographic
selectivity and reported similar effects for aromatic
molecules which can act as hydrogen-bond accept-
ors They also claimed that the retention of solutes
with hydrogen-bond acceptors 1s not affected by the
removal of vicinal silanols

Correlation methods

To compare the phases and to obtain more in-
formation on the recognition mechanisms involved,
two homologous series with different alkyl chain
lenghts were used for chromatographic correlation
experiments, the racemic 1-phenylalkyl amines 1a-1
and 1-phenylglycine derivatives 7a—j, both derived
as 3,5-dinitrobenzoyl (DNB) anudes, were eluted
with n-hexane—2-propanol (78 22) Fig 2 shows the
structures of the test homologues The results are

listed 1n Tables V and VI and in Figs 3-6

For the separation of 1a-l, all four CSPs show
similar selectivity depending on the chain length
(Fig 3) The separation factors, «, are without ex-
ception higher tor the type Il phases TCSP I (PIV)
has better separation properties than the heavily
loaded CSP I and the type II phases show just the
oppostte behaviour Apart from this difference mn
selectivity, all the tested phases point to the same
chiral recognition mechanism recently described
for correlation experiments with heavily loaded
phases [11]

The plots of k' versus carbon number # 1n the
Fig 4 indicate differences in the retention beha-
viour The thermally treated and lightly loaded
TCSPs I and II show a large decrease 1n capacity
factors with increasing hydrophobicity (solutes 1
with longer n-alkyl chains) than the CSPs I and 11
Only after #-propyl (TCSP I) or n-pentyl (TCSP IT)

NO, NO,
(9] 0,
! -
H HJ
N NO, o NO,
CH— (CHp,—H CHYO
O0—(CHy—H
l1a-l Ta-}

Fig 2 N-3,5-Dinitrobenzoyl (DNB)-derived homologous series
1a-1 and 7a— For carbon numbers » see Tables V and VI and
Figs 36
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TABLE V
RESOLUTION OF N-3,5-DINITROBENZOYL-1-PHENYLALKYLAMINES 1a-1 ON STATIONARY PHASES I AND II

HPLC conditions mobile phase, #-hexane-2-propanol (78 22), flow-rate, 1 ml/min, column, 25cm X 32mm1 D, 5 um, detection, UV
at 254 nm » = Number of carbon atoms in the alkyl chain, &, = capacity factor of the first-eluted enantiomer, « = separation factor,
Conf = configuration of last-cluted enantiomer

n CPS1 TCSP I CSPII TCSP 11 Conf
(PIV) (PIV) (CYH) (CYH)
K, o k', o K, o k' a
1 948 208 1165 204 8 54 219 1123 221 R
2 994 250 12 58 255 876 261 1228 262 R
3 969 252 1277 253 908 267 1249 262 R
4 1027 238 1208 240 1022 255 1272 252 R
5 1029 250 1175 245 10 69 264 12 87 266
7 929 247 10 49 257 962 277 11 62 272
8 877 252 944 259 877 285 1092 278
9 843 257 917 262 861 294 898 286
10 814 259 820 264 8 56 299 898 287
13 757 267 552 273 775 308 797 293
15 700 268 481 277 716 314 734 298
17 553 270 442 279 696 319 696 301

was a decrease 1n retention with increasing chain silanol groups on the silica surface, there are like-
length of the DNB-amides 1d-1 observed wise polar secondary hydroxyl groups on the spacer

For an mterpretation of this behaviour 1t must (Fig 1) formed 1n the amination step of the epoxide
also be considered that in addition to the remaining {4,11] In the heawvily loaded CSPs I and II the resid-

32+
30
28 —

26 —

22

20

0

Fig 3 Separation of phenylalkyl DNB derivatives 1a-1 on CSP Fig 4 Separation of phenylalkyl DNB derivatives 1a-1 on CSP
and TCSP I and II using 2-propanol-n-hexane (22 78) as mobile and TCSP I and II using 2-propanol-n-hexane (22 78) as mobile
phase Separation factor a versus carbon number n [J = CSP phase Capacity factor k', versus carbon number n © =CSP 1
(PIV), B = TCSPI(1V), O = CSPII (CYH), ® = TCSP II (PIV), B = TCSP1 (PIV), O = CSPII (CYH), ® = TCSP II
(CYH) (CYH)



R Straub and H Arm | J Chromatogr 623 (1992) 23-31

o

128
124 w
120

112 4 : i

108 —

104 T T T T T T T T T T T T T
0 2 4 6 8 10 12
n

Fig 5 Separation of phenylglycine DNB denvatives 7a—) on
CSP and TCSP I and II using 2-propanol-n-hexane (22 78) as
mobile phase Separation factor o versus carbon number #» [ =
CSP I (PIV), ® = TCSPI (PIV), O = CSPII (CYH), ® =
TCSP II (CYH)

ual silanol groups are very effectively screened by
the bulky organmic molecules Hence, they excert a
smaller contribution to the retention of polar DNB-
amides On the other hand, higher surface loadings

TABLE VI
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e o T E e R B
0

2 4 6 8 10 12

Fig 6 Separation of phenylglycine DNB derivatives 7a—j on
CSP and TCSP I and II using 2-propanol-n-hexane (22 78) as
mobile phase Capacity factor k', versus carbon numbern 1 =
CSP 1 (PIV), ® = TCSPI (P1V), O = CSP II (CYH), ® =
TCSP 11 (CYH)

with chiral higands increase the number of second-
ary polar hydroxyl groups The high & values of
samples 1a~h with TCSPs I and II support the as-
sumption that polar adsorptive effects take place

RESOLUTION OF nALKYL ESTERS 7a—j OF N-3,5-DINITROBENZOYL-1-PHENYLGLYCINE ON STATIONAY PHASES ]

AND II

HPLC conditions mobile phase, n-hexane-2-propanol (78 22), flow-rate, I ml/min, column, 25cm x 3 2mm1I D, 5 um, detection, UV
at 254 nm n = Number of carbon atoms in the alkoxy chain, k| = capacity factor of the first-eluted enantiomer, & = separation factor,

Conf = configuration of last-eluted enantiomer

n CPSI TCSP 1 CSP II TCSP 11 Conf
(PIV) (PIV) (CYH) (CYH)
k' o k', o K o k' o
0 1205 121 12 99 111 10 06 116 1248 111
1 1016 120 1106 111 802 117 11 61 112 R
2 729 120 8 69 109 613 115 9 06 110 R
3 713 122 770 112 553 116 801 110 R
4 667 122 694 111 523 115 761 110
5 625 123 6 54 111 499 116 714 110 R
6 563 124 616 111 475 116 660 111
8 521 123 556 112 468 116 607 111
10 463 123 503 111 431 115 555 110
12 434 123 475 111 401 115 511 110
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0 2 4 6 8 10 12 14 16 18 min

0 2 4 6 8 10 1
Fig 7 Separation of DNB amude of (R/S)-pindolol (3) on (A)

CSP I (PIV) and (B) TCSP II (PIV) Mobile phase, n-hexane—
tetrahydrofuran (3 1), flow-rate, 1 ml/min, temperature, 20°C

14 min

from residual silanol groups and also from second-
ary hydroxyl groups For samples with long n-alkyl
chains, where an intercalation between the strands
of the chiral ligands 1s excluded for steric reasons,
the role of the secondary hydroxyl group on the
spacer 1s predomimnant Remaining silanols on the
silica matrix may not act as strong adsorption sites
for such solutes This leads to similar or even lower
k7 values in comparison with CSPs I and 11
Samples with dominant hydrogen bonding such
as the homologous 1-phenylglycine derivatives 7a—j
whose n-alkoxy chain does not intercalate between
the strands are less resolved on TCSPs I and II than
on the appropriate CSPs I and 11, as shown in Fig
5 The lower enantioselectivity of these phases 1s
due to a smaller number of available chiral select-
ors The retention times of the 1-phenylglycine de-
rvatives 7a-j are higher for both diluted phases
than for the more highly loaded phases (Fig 6)
Examples of the DNB-amide of (R/S)-pindolol
(3) (Table III) separated on CSP I (PIV) and TCSP
I (PIV) are given 1in Fig 7 The diluted phase has a
higher resolution for the racemate, shown 1n the
Dbaseline-separated peaks in chromatogram B Simi-
lar observations with thermally treated silica were
reported for various aromatic solutes by Mauss and
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A B

e

0 2 4 min 0 2 4 min

Fig 8 Separation of (R/S)-1-(N-1-pivaloylamino-1-ethyl)naph-
thalene (6) on (A) TCSPI (PIV) and (B) TCSP II (CYH) Mobile
phase, n-hexane-tetrahydrofuran (3 1), flow-rate, 1 ml/mn, tem-
perature, 20°C

Engelhardt [8] The CSPs I and II resolved the
naphthyl-containing sample 6 (Table III) only very
mcompletely (1 0 € « < 106) In comparison with
this lack of selectivity, TCSPs I and II resolved this
sample better (1 13 < o < 1 25), as can be seen 1n
the chromatograms in Fig §

CONCLUSIONS

Chromatographic selectivity with chiral station-
ary phases 1s not only a function of the chiral select-
or used to form diastereomeric solute—-CSP com-
plexes but also depends on non-enantioselective in-
teractions of surface silanol groups or other polar
sites on the phase

The retention of solutes which are able to inter-
fere directly by hydrogen bonding 1s strongly affect-
ed by thermal treatment of stlica

The observed retention of various samples sug-
gests a more polar silica surface than would be ex-
pected after thermal treatment at 1000°C This
treatment lowers te specific surface area severely
but 1n some 1nstances increases the selectivity of the
chiral stationary phase owing to the lower surface
concentration of silanols The reason 1s fewer polar
mteraction sites, which leads to additional peak
broadening In the tested phases, the polar second-
ary hydroxyl group near the chiral selector part can
influence the retention of samples
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