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THE SIGNIFICANCE OF METALLOPHILIC 
AND SILANOPHILIC INTERACTIONS IN 

REVERSED PHASE HPLC 

Paul C. Sadek, Peter W. Cam, and 
Larry W. Bowers1 

Department of Chemistry 
]Department of Laboratory Medicine and Pathology 

University of Minnesota 
Minneapolis, Minnesota 55455 

ABSTRACT 

The poor peak shape encountered for anines in reversed phase 
high performance liquid chromatography ( R P L C )  is widely 
recognized. In order to improve chromatographic efficiency, the 
mechanism of the broadeni?g must be understood. In addition to 
the silanol aroups on the support surface, metal sites have been 
implicated as possible adsorption sites for amines. 

silanophilic interactions in the non-ideal behavior of amines and 
proteins. Stainless steel frits appear to have a deleterious 
effect on colimn efficiency via both mechanical and chemical 
interactions. The use of stainless steel meshes or screens is 
recommended. The residual metal sites on the support material 
have been found to play an insignificant role in solute retention 
or peak broadening. Yinimization of silanophilic interactions is 
therefore the key to increasing efficiency in the separation of 
basic amines. 

We have investigated the relative role of metallophilic and 
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INTRODUCTION 

* 
SADEK, CARR, AND BOWERS 

Many s t u d i e s  have shown t h a t  RPLC of b a s i c  m i n e s  and of pep- 

t i d e s  and p r o t e i n s  e x h i b i t s  less than i d e a l  behavior  ( 1 - 7 ) .  

Frequent ly  t h i s  non- idea l i ty  is observed a s  extreme t a i l i n g  of 

smal l  s o l u t e s  o r  a s  mass recovery of less than 805 f o r  p r o t e i n s ,  

e s p e c i a l l y  when t h e  amount of p r o t e i n  i n j e c t e d  i s  less than 5 ug 

(8-16) .  Hys teres i s  e f f e c t s  a r e  a l s o  commonly observed (17,181,  i n  

which r e p e t i t i v e  i n j e c t i o n  of t h e  p r o t e i n  resu l t s  i n  a monotonic 

i n c r e a s e  i n  peak a r e a  and peak h e i g h t  which e v e n t u a l l y  y i e l d s  

reproducih le ,  but  incomplete, p r o t e i n  recovery.  Such resu l t s  i n -  

d i c a t e  t h e  presence of a s u b s t a n t i a l  number of i r r e v e r s i 5 l e  ad- 

s o r p t i o n  sit.es i n  t h e  chromatoqraphic system. I t  i s  important  t o  

i d e n t i f y  t h e  na ture  of t h e s e  s i tes  i f  t h e y  are t o  be e l imina ted .  

hiany r e s e a r c h e r s  a t t r i b u t e  t h e  above n o n - i d e a l i t i e s  s o l e l y  t o  

hydroqen bond i n t e r a c t i o n  between t h e  amine moiety and t h e  resi- 

dual  s i l a n o l  groups on t h e  suppor t  s i i r face  (3,19-23). I f  s i l a n o -  

phi l . ic  i n t e r a c t i o n s  a r e  r e s p o n s i b l e ,  a number of permanent and 

dynamic modi f ica t ion  schemes have been proposed. Treatment of t h e  

base s i l i c a  before  s t a t i o n a r y  phase bonding by h e a t i n g  and a c i d  

washing, and end capping a f t e r  bonding is f r e q u e n t l y  used,  but  

results i n  d e r i v a t i z a t i o n  of  only about  50% of t h e  s i l a n o l  groups. 

Perhaps more d i s t r e s s i n g  is t h e  f a c t  t h a t  t h e s e  t r e a t m e n t s  tend  t o  

degrade with column use,  f a s t e r  than loss of column e f f i c i e n c y  f o r  

common t e s t  probes. A m i n e  compounds, h u f f e r e d  a t  low p H  i n  t h e  

mobile phase,  can be used as dynarnic masking a g e n t s  (26). 

Y u l t i d e n t a t e  m i n e s  have been shown t o  he  s t r o n g e r  b locking  a g e n t s  

than monoamines (27,20). 

Vore r e c e n t l y ,  m e t a l l i c  i m p u r i t i e s  i n  t h e  base  s i l i ca  have 

been proposed a s  s i g n i f i c a n t  c o n t r i b u t o r s  t o  chromatographic non-  

i d e a l i t i e s  (29-35). Verzele  and co-workers analyzed t w o  represen-  

t a t i v e  RP-IIPLC packing m a t e r i a l s  f o r  metal c o n t e n t  and found 

twelve metal  s p e c i e s  a t  t h e  1 ppm l e v e l  or g r e a t e r  and an addi-  

t i o n a l  23 elements  a t  t h e  1 ppb l e v e l  or above (33). These inves-  

t i g a t o r s  used P-diketones t o  probe t h e  t r a c e  metal  c o n t e n t  of t h e  
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METALLOPHILIC AND SILANOPHILIC INTERACTIONS 2371 

s i l i c a  s u r f a c e .  They  f o u n d  t h a t  a c i d  w a s h i n g  t h e  base s i l i c a  

r e s u l t e d  i n  lower h e a v y  metal c o n t e n t  a n d  b e t t e r  p e a k  s h a p e s  f o r  

t h e  6 - d i k e t o n e s .  U n f o r t u n a t e l y ,  s i n c e  U - d i k e t o n e s  are a l so  weak 

h y d r o g e n  bond acceptors, it is impossible t o  d e c o n v o l v e  t h e  role  

o f  s i l a n o p h l i c  a n d  m e t a l l o p h i l i c  i n t e r a c t i o n s  w i t h  t h e s e  com- 

p o u n d s .  I n  a d d i t i o n ,  t h e  c o l u n n s  u s e d  c o n t a i n e d  s t a i n l e s s  s tee l  

f r i t s .  

T r u m b o r e  ( 3 3 )  a n d  Cramer  a n d  c o w o r k e r s  (34) u s e d  m e t a l l o p h i l i c  

compounds t o  v e r i f y  t h e  e x i s t e n c e  of t h i s  t y p e  o f  i n t e r c t i o n .  I n  

t h e  f o r m e r  c a s e ,  u p  t o  20% of a n  8 ug i n j e c t i o n  of f e r r i t i n  w a s  

l o s t  i n  o p e n  s t a i n l e s s  steel t u b i n q .  C r a m e r  e t  a l .  ( 3 4 )  were able 

t o  d e m o n s t r a t e  both r e t e n t i o n  a n d  p e a k  s h a p e  c h a n g e s  f o r  t h e  i r o n  

c o m p l e x i n y  a y e n t  d e f e r o x a m i n e  a s  s o l u t e  c o n c e n t r a t i o n  was v a r i e d .  

The s o u r c e  o f  t h e  i r o n  i n  t h e  s y s t e m  was n o t  c l e a r l y  d e m o n s t r a t e d .  

S h i h  a n d  Carr (35) showed t h a t  t h e  c o l u n n  f r i t s  p r o d u c e d  a s e r i o u s  

i n t e r f e r e n c e  i n  t h e  s e p a r a t i o n  of metal d i t h i o c a r b a m a t e s .  We h a v e  

d e m o n s t r a t e d  p r e v i o u s l y  t h a t  a s i g n i f i c a n t  loss o f  p r o t e i n  c a n  

o c c u r  i n  s t a i n l e s s  steel f r i t s  ( 3 6 ) .  

T h e  p r e s e n t  s t u d y  was u n d e r t a k e n  t o  e v a l u a t e  t h e  re la t ive  

i m p o r t a n c e  of m e t a l l o p h i l i c  a n d  s i l a n o p h i l i c  i n t e r a c t i o n s  i n  p e a k  

t a i l i n g  a n d  h y s t e r e s i s  e f f e c t s .  

EXPERIMENTAL 

T h e  c h r o m a t o g r a p h i c  s y s t e m  h a s  b e e n  p r e v i o u s l y  d e s c r i b e d  (28). 

Two 5 cm x 4 . 6  nun colurnn b l a n k s  were p a c k e d  w i t h  Chromegabond C10, 

10 p (ES  I n d u s t r i e s ;  M a r l e t o n ,  NJ) u s i n g  t h e  upward  s l u r r y  p a c k i n g  

t e c h n i q u e .  M e t h a n o l  s e r v e d  as b o t h  t he  s l u r r y  a n d  t h e  p a c k i n g  

s o l v e n t .  One co lumn was f i t t e d  w i t h  0 .5  u s t a i n l e s s  steel f r i t s  

( A l l t e c h ;  D e e r € i e l d ,  IL) a n d  the o t h e r  w i t h  2 u s t a i n l e s s  steel 

m e s h e s  (Shandon;  S e w i c k l e y ,  P A ) .  I n  o r d e r  t o  create e f f e c t i v e  

s e a l i n g  w i t h  t h e  m e s h e s ,  t h e  co lumn e n d f i t t i n g s  were a l t e r e d .  The  

i n l e t  e n d  h a d  both a 2 11 mesh a n d  a Knauer  d i s t r i b u t o r  p la te  

(Chromapon;  Whittier, C A ) ,  t h e  p l a t e  b e i n g  placed b e t w e e n  the  mesh 

a n d  t h e  column t u b i n g .  The  o u t l e t  f i t t i n g  h a d  o n l y  t h e  mesh.  
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2312 SADEK, CARR, AND BOWERS 

The following test solutes were used: benzyl cyanide, ani- 

sole, ethylbenzene, chlorobenzene, 2-picoline, pyridine, 2-amino- 

pyridine, phenol, 1-naphthylacetic acid, 4-aminobenzophenone, 

allantoin, 1-naphthalenemethylamine, benzyl mercaptan, trifluoro- 

acetic acid, 4-dimethylaminopyridine, 1-(2-pyridyl)-piperazine 

(Aldrich; Milwaukee, WI); nitrobenzene, toluene, 2-nitrodiphenyl- 

amine, 2,2'-bipyridine (Eastman Kodak; Rochester, NY); uracil, 

benzenethiol (MCR Chemical; Norwood, OH); benzene (Baker; 

Phillipsburg, NJ) ; butyrophenone (Pierce; Rockford, 11,) ; naphtlia- 

lene (Fisher; Fair Lawn, NJ); caffeine (Merck; Rahway, NJ); 

2,6-diaminopyridine (Reilly; St. Paul, M N ) ;  ovalhumin (Sigma; 

St. Louis, MO); methanol (Mallinckrodt; Paris, KY); glacial acetic 

acid (Spectrum Chemicals; GarAena, CA); ammonium pyrrolidine 

dithiocarbamate (Hach; Ames, I A ) .  

Methanol and water were passed through 0.45 11 Zetapor filters 

(AMF Cuno Division; Meriden, NJ). All solutes were made up in the 

appropriate solvent. A l l  directly compared results were run with 

the same sample on the same day. Triplicate injections were done 

for each sample. 

Benzenethiol and benzyl mercaptan were injected onto the 

column and allowed to interact for various periods of time. The 

delay time was accomplished through the use of a Rheodyne 7010 

bypass valve (Rheodyne; Cotati, CA). Rfter time delay periods had 

elapsed, the flow was again directed through the column and the 

solute allowed to elute. The solvent was 60 /40  methanol/water 

with 25 mM acetic acid buffer. 

Spectroscopy was done on a GCA-McPherson W/vis Model 

EU-701-50, Model EU-721-11 Model sample chamber and a Model 

EU-701-30 photomultiplier module (GCA; Acton, MA). 

2,2'-bipyridine (bipy) and 4-dimethylaminopyridine (DMAP) stan- 

dards of 1 x to 1 x M in 10 ~.IM increments were prepared 

in 45/55 methanol/water. Bipy and DMAP samples were measured at 

279 nm and 257 nm, respectively. Stainless steel 0.5 l~ frits (six 

sets of two) and 2 p meshes (two sets of two) were cleaned in a 

50/50 HNO3/H2O solution for 15 minutes with ultrasonication. All 
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METALLOPHILIC AND SILANOPHILIC INTERACTIONS 2373 

sets were thoroughly rinsed and then equilibrated with 3 ml of 6 x 

10 M bipy in 5 ml Falcon 2 0 6 3  tuhes (VWR Scientific; 

San Francisco, CA). A vacuum was pulled to insure complete solute 

penetration into the frits. The samples were allowed to equili- 

brate for 30  minutes with intermittent arlitation. Two blanks (no 

frits or meshes) were treated in the same fashion. The super- 

natant was removed and the absorbance ineasured. The same frits 

were cleaned as above and used for testing DFIAP adsorption. 

-5 

Ovalhunin was used as received (Sigma; St. Louis, N O )  and 
125  lahelled with I using iodoqen ( 3 7 ) .  A 2 0 0  ng aliquot in 

water/O.l% trifluoroacetic acid (TFA) was equilibrated with frits 

and neshes. A vacuun was pulled to insure that liquid penetrated 

the pores. After 30 min the supernatant was poured of€ and two 

one r n l  rinses with agitation were carried out. A l l  solutions were 

then counted. 

RESULTS AND DIXUSSION 

Metall.ophilic Interactions in Frits 

A series of static and dynamic expt3riment.s were performed in 

order to ascertain and verify the extent to which iietal sites, 

present in stainless steel frits and packing material, could 

affect a chromatographic separation. The static experiments con- 

sisted of monitoring the adsorption of two basic amines, known to 

be good cornplexing agents, and one protein on stainless steel 

frits and stainless steel meshes. The dynamic experiments compare 

two columns packed with the same batch and lot of support 

material. One column contained the traditional stainless steel 

frits while the other column was modified to accommodate the low 

surface area stainless steel meshes. 

Static Experiments. Tables 1 and 2 show the results of a one 

hour equilibration of known amounts of amine and protein with 

frits and meshes. In the case of bipy, a very strong metal 

complexing agent, the amount adsorbed is about 14 times 

greater on the frits than on the meshes. DMAP shows lower overall 
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2374 SADEK, CARR, AND BOWERS 

TABLE 1. Static Loss of Amines to Frits and Meshesa 

biPY 
nmoles 

Ave ads 
New Frits 0.753 12.4 

- -  

DUAP 

Ave ads 
0.374 4.7 

nmoles 
-- 

New Meshes 0.8045 0.7 0.386 0.8 
Used Frits 0.775 7.4 0.371 5.7 
Blanks 0.0075 0.3885 

All Fritsb 9.9 f 0.4 
All Meshes 0.7 k 0.4 

5 . 2  fr 0.6 
0.8 2 0.6 

a45/55 methanol water as solvent 

baverage for all six sets of frits 

TABLE 2. Static Ovalbumin Adsorption to Frits and Meshesa 

total cpm in cpm in cpm % sample pmoles 
cpmb orig. tube rinse ads ads ads 

Frits 78752 2273 68231 8248' 10.5 0.46 
Frits 80816 4302 68517 7997c 9.9 0.44 
Meshes 78744 2020 75907 847 1.1 0.05 
Meshes 76202 1691 73585 68 1 0.9 0.05 

a20 ~1 of 1 mg/ml ovalbunin + 2 ml H20/0.1% TFA 

bBefore addition of frits and meshes 

CTotal counts observed were 2902 and 3160 for 1 and 2, respec- 
tively. Thick stainless steel frits severely attentuate signal.  
72 hours soak in 50/50 HN03/H20 at 60oC recoveries >80% of the 
counts. 
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METALLOPHILIC AND SILANOPHILIC INTERACTIONS 2315 

adsorption, but the level is still 6.5 times higher on the frits 

than on the meshes. 

The frits definitely adsorbed more bipy than DMAP, but statis- 

tically equivalent amounts of each were adsorbed onto the meshes. 

Undoubtedly, 316 stainless steel shows metal site heterogeneity, 

containing mainly the transition metals Cr, Ni, Mo, and Mn. 

Therefore, the large difference in amount of bipy and DMAP 

adsorbed on the frits can be interpreted as being due to the pre- 

sence of a large number of heterogeneous sites of widely different 

binding strengths. Bipy, a bidentate ligand, can successfully 

bind to fairly weak sites whereas the monodentate DMAP cannot. No 

definite conclusion can be made with respect to the metal sites in 

meshes since the uncertainty in the amount adsorbed is large 

enough to preclude differentiation between Bipy and DMAP. 

The same pattern is found for ovalhumin (see Table 2 ) .  

Significantly more ovalbumin is adsorbed to the frits than to the 

meshes. The number of nanomoles adsorbed for either the protein 

or the small amines indicates much less than monolayer coverage 

occurs, implying that single or clustered adsorption sites exist 

at widely separated positions on the surface. 

Dynamic Experiments. Eighteen test solutes were used to 

characterize the fritted and meshed columns (see Table 3 ) .  Nine 

solutes, either nonpolar or aprotic, were chosen to assess the 

reproducibility of the packing procedure. Through the comparison 

of the number of plates generated over the range of k' values (0 

to 6.5), it is apparent that the meshed column is substantially 

more efficient than the fritted column at k' values less than 2 .  

The A/R parameter was significantly larger on the fritted column 

than on the meshed column. The number of plates generated (N) by 

solutes whose k' is less than two is substantially larger for the 

meshed column. These dif€erences are not due to extra-column 

effects since the added volume generated by the frit is a very 

small percentage of the total column volume. It would be unlikely 

for the mesh and frit to cause such a significant difference in 

the packing structure at the outlet of the column, but a signifi- 
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2376 SADEK, CARR, AND BOWERS 

TABLE 3 

Chromatographic Characteristics of Solutes* 

NC b 
A / B ~  w1/2 

Mesh Frit Mesh k' Frit Mesh Frit 

Uracil 
Allantoin 
Caffeine 
Benzyl Cyanide 
Nitrobenzene 
Anisole 
Benzene 
Butyrophenone 
Toluene 
Chlorobenzene 
Naphthalene 
Ethylbenzene 

2,6-Dia~inopyridined 
Pyridine 
2 -Aminopyri d ine 
2-Picoline 
4-Aminobenzophenone 
2,6-Diaminopyridinee 
1 -1laphthylene- 

methylamine 
2-Nitrodiphenylamine 

0.0 
0.01 
0.15 
0.76 
1.46 
1.92 
2.00 
3.07 
3.36 
3.80 
6.18 
6.46 

1.70 
1.27 
1.33 
1.33 
1.53 
1.47 
1.43 
1.49 
1.54 
1.84 
1.25 
1.09 

1.05 
0.64 
0.64 
0.86 
0.95 
0.93 
0.88 
O.RG 
0.92 
1.12 
0.82 
0.82 

3.93 
4.03 
3.97 
5.03 
6.48 
G.73 
6.57 
8.97 
a. 75 
9.77 
13.96 
14.00 

0.45 4.85 4.75 23.07 
0.52 2.53 1.40 6.37 
0.56 5.18 5.4R 16.63 
0.88 5.20 3.28 11.37 
1.01 1.31 0.79 5.57 
1.56 4.27 4.60 33.53 
6.75 5.85 5.73 99.83 

8-98 1.43 1.02 9.63 

3.04 
3.40 
3.37 
4.73 
6.10 
6.35 
6.47 
8.90 
8.97 
9.45 
13.90 
13.94 

14.87 
5.57 
10.83 
9.03 
5.50 
33.33 
79.80 

0.47 

110 177 
520 11850 

11530 15871 
16740 18460 
19740 21430 
25790 28170 
28480 28810 
28160 27940 
33880 33870 
32960 33990 
36180 35210 
38600 37170 

650 1240 
6960 8930 
1270 2520 
3730 7070 
17080 17950 
820 730 
210 310 

36100 32630 

*Mobile phase was 60/40 methanol/water; flow rate 1 ml/min. The 

aAsymmetry factor 

"Plates/meter 
d2.5 mE1 
e0.5 mEl 

k' values are the average €or both columns. 

width at half height (nun at 5 cm/min) 

cant difference could occur at the head of the column. The frit 

may be much less effective at the mechanics of spreading the 

solute plug than the mesh/distributor plate combination. 

In general, the basic amine solutes also show improved chroma- 

tographic efficiency (i-e., N increases) at low k' values when the 
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METALLOPHILIC AND SILANOPHILIC INTERACTIONS 2377 

mesh i s  used.  S i n c e  removal of  t h e  f r i t  i s  t h e  o n l y  s i g n i f i c a n t  

change i n  t h e  sys t em,  t h e  d e c r e a s e d  ch romatograph ic  e f f i c i e n c y  f o r  

b o t h  nonpo la r  and amine so lu t e s  must be  due t o  t h e  p r e s e n c e  o f  t h e  

f r i t .  U n f o r t u n a t e l y ,  t h e  amines which e x h i b i t  t h e  l a r g e s t  d i f -  

f e r e n c e s  i n  N a l l  have l o w  k' v a l u e s  so it  i s  d i f f i c u l t  t o  r each  

a c o n c l n s i o n  as t o  whether  t h e  improvement i n  t h e i r  N v a l u e s  on 

t h e  mesh columns is beyond what s h o u l d  he e x p e c t e d  due t o  mechani- 

cal  improvements a l o n e .  

S i l a n o p h i l i c  and M e t a l l o p h i l i c  I n t e r a c t i o n s  i n  C o l a m n s  

The e f f e c t  of s o l u t e  c o n c e n t r a t i o n  on t h e  r e t e n t i o n  and peak 

shape  O E  t h e  e l u i t e  was i n v e s t i g a t e d  u s i n g  columns equ ipped  w i t h  

f r i t s .  F i g u r e s  1 and 2 are  p lo ts  of  k' as  a f a n c t i o n  of s o l u t e  

c o n c e n t r a t i o n  f o r  DAP, p h e n o l ,  b i p y ,  and 1-(2-pyridyl)-piperazine 

(PYPIP) w i t h  and w i t h o u t  15 pP1 ammonium p y r r o l i d i n a  d i t h i o c a r -  

bamate ( A P D C )  p r e s e n t  i n  t h e  mob i l e  phase .  

The k' o f  p h e n o l  i s  t o t a l l y  i n d e p e n d e n t  of b o t h  c o n c e n t r a t i o n  

and o f  t h e  p r e s e n c e  o f  APDC i n  t h e  mob i l e  phase .  Karge r  e t  a l .  

( 3 8 1 ,  found a l k y l a t e d  p h e n o l s  t o  b e  u n a f f e c t e d  by t h e  p r e s e n c e  o f  

r e s i d u a l  s i l a n o l  g roups .  P h e n o l s  a r e  n o t  s t r o n g  hydrogen bond 

acceptors b u t  t hey  are,  however,  s t r o n g  donors .  S i l a n o l  g roups  

must t h e r e f o r e  act  as  v e r y  weak hydrogen bond acceptors. 

Both b i p y  and !MAP show v e r y  steep i n c r e a s e s  i n  k' as t h e  con- 

c e n t r a t i o n  is lowered below 1 mM. PYPIP shows t h e  same b e h a v i o r  

b u t  a t  a c o n c e n t r a t i o n  l e v e l  t h r e e - € o l d  h i g h e r  t h a n  b i p y  and DAP. 

A s  s t a t e d  ear l ier ,  s i l a n o l  g roups  m o s t  l i k e l y  have a wide r a n g e  of 

pK, v a l u e s ,  and presumably hydrogen bond d o n a t i n g  c a p a b i l i t y .  

Only a smal l  f r a c t i o n  of t h e  t o t a l  nunber  o f  r e s i d u a l  s i l a n o l  

g roups  needs  t o  b e  s t r o n g  hydrogen b i n d i n g  sites t o  p r o d u c e  t h e  

e f f e c t s  d i s c u s s e d  above. For  a l l  of  t h e  l o w  c o n c e n t r a t i o n s  o f  t h e  

amines,  t h e  a d d i t i o n  of APDC d r a m a t i c a l l y  d e c r e a s e d  t h e  so lu t e  k' 

v a l u e s .  A t  t h e  h i g h e r  c o n c e n t r a t i o n s  of t h e  amine so lu t e s ,  APDC 

h a s  v i r t u a l l y  n o  e f f e c t  on k'. 

T r e a t i n g  F i g u r e s  1 and 2 a s  " t i t r a t i o n  c u r v e s , "  i t  is p o s s i b l e  

t o  estimate t h e  number o f  act ive si tes p r e s e n t  i n  t h e  sys t em.  The 
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5 

4 

3 

k' 

: 

1 

C 

0 2,2'-Bipyridlno 
2.6-DAP 

A 2.6-DAP with AFDC 
Phonol 

I 

0 

0 

A 

A 

* .  . 

0 

A 

I 

2 4 6 8 10 

solute conc. (mM) 

FIGURE 1. Plot of k' versus s o l u t e  concentration ( 2 0  p1 of the  
concentration l i s t e d )  €or various bas ic  s o l u t e s  and phenol. 
Solvent: 60/40 rnethanol/water, flow 1 ml/rnin. ADPC i s  present  a t  
the 15 p M  l e v e l  where indicated.  
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21 

l! 

k' 

11 

I 

0 PYPIP 
A PYPlP with APDC 

0 

0 

A 
A 

0 
A 

A 
b 

1 
10 20 30 4 0  50 

solute conc. (mM) 

FIGURE 2. P l o t  of  k' v e r s u s  c o n c e n t r a t i o n  f o r  PYPIP w i t h  and 
w i t h o u t  15 11El ADPC. Other  c o n d i t i o n s  t h e  same as i n  F i g u r e  1.  

v a l u e s  were o b t a i n e d  by drawing l i n e s  t h r o u g h  t h e  f i r s t  t w o  and 

l a s t  t w o  p o i n t s  in t h e  p l o t  and u s i n g  t h e  i n t e r s e c t i o n  as  t h e  

"endpo in t . "  The r e s u l t s  were: b i p y  -- 12 nmoles; DMAP -- 10 

nmoles;  PYPIP -- G O  nmoles. These numbers r e p r e s e n t  t h e  upper  

l i m i t  f o r  t h e  t o t a l  number of  s i tes.  Although t h e s e  numbers a r e  

c l e a r l y  t h e  same o r d e r  of magni tude  as t h e  s t a t i c  e x p e r i m e n t a l  

r e s u l t s  f o r  metal f r i t s ,  it is u n l i k e l y  t h a t  t h e  m a j o r i t y  of  amine 

molecu le s  which come i n t o  c o n t a c t  w i t h  t h e  metal s i tes w i l l  have 

t h e  proper o r i e n t a t i o n  t o  unde rgo  a s t r o n g  i r r e v e r s i b l e  i n t e r a c -  

t i o n .  T h i s  may n o t  be  t h e  case w i t h  p r o t e i n s  s i n c e  t h e y  are 

g r e a t l y  i n f l u e n c e d  by s u r f a c e  s h e e r  (39) and  may e a s i l y  undergo 

m u l t i p l e  i n t e r a c t i o n s  a t  t h e  f r i t  s u r f a c e .  It  i s  u n c l e a r  from t h e  
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p r e s e n t  s t u d i e s  whe the r  t h e  f r i t s  or t h e  p a c k i n g  mater ia l  were 

r e s p o n s i b l e  €or t h e  t a i l i n g  and a d s o r p t i o n .  

M e t a l l o p h i l i c  I n t e r a c t i o n s  

I n  o r d e r  to d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  t h e  m e t a l  s i tes i n  

t h e  base  s i l i ca  i n  s o l u t e  r e t e n t i o n ,  t w o  s t r o n g  m e t a l  complexing 

compoundsr b e n z e n e t h i o l  and  b e n z y l  mercap tan ,  were used .  A r y l  

t h i o l s ,  l i k e  pheno l ,  are  weak hydrogen bond acceptors, t h u s  a n y  

peak d i s t o r t i o n  s h o u l d  be s o l e l y  t h e  r e s u l t  of  m e t a l l o p h i l i c  

i n t e r a c t i o n s .  I n j e c t i o n  o f  b e n z e n e t h i o l  r e s u l t e d  i n  a peak s h a p e  

s imi l a r  t o  t h a t  of  t h e  nonpo la r  s o l u t e s  i n  T a b l e  2. Benzyl  m e r -  

c a p t a n  behaved i n  a similar manner. 

To exc lude  t h e  p o s s i b i l i t y  t h a t  t h e  peak s h a p e  d i s t o r t i o n  was 

masked by s l o w  i n t e r a c t i o n  k i n e t i c s ,  a series of i n j e c t i o n s  were 

made a f t e r  which t h e  f low was d i v e r t e d  a round  t h e  co lunn  t o  a l low 

5, 15, 30 or 60 minu te  c o n t a c t  t i m e s .  A f t e r  t h e  d e l a y ,  mob i l e  

phase  f low w a s  a g a i n  d i r e c t e d  t h r o u g h  t h e  column. T h e r e  was no 

change i n  t h e  k '  of 2 .1  r e g a r d l e s s  o f  t h e  l e n g t h  o f  t h e  c o n t a c t  

i n t e r v a l .  The k '  w a s  a lso u n a l t e r e d  down t o  a c o n c e n t r a t i o n  f o u r -  

f o l d  smaller t h a n  t h a t  u sed  f o r  p h e n o l  or t h e  amine compounds i n  

t h e  above expe r imen t s .  The peak h e i g h t  d e c r e a s e d  m o n o t o n i c a l l y  

w i t h  i n c r e a s i n g  c o n t a c t  t i m e ,  b u t  peak area remained c o n s t a n t ,  as 

shown i n  F i g u r e  3. S i m i l a r  r e s u l t s  were o b s e r v e d  f o r  b e n z y l  m e r -  

c a p t a n ,  an  even s t r o n g e r  metal complexing a g e n t .  W e  a t t r i b u t e  

t h i s  b roaden ing  t o  l o n g i t u d i n a l  d i f t u s i o n .  Pack ing  material 

s l u r r i e d  w i t h  b e n z e n e t h i o l  f o r  48 h o u r s  also f a i l e d  t o  show t h e  

c h a r a c t e r i s t i c  b l a c k e n i n g  o b s e r v e d  f o r  thiol/metal complexes.  

I f  i r r e v e r s i b l e  a d s o r p t i o n  a t  metall ic sites were t o  o c c u r l  a 

h y s t e r e s i s  e f f e c t  w i t h  a n  i n c r e a s e  i n  peak area w i t h  r e p e a t e d  

i n j e c t i o n s  s h o u l d  r e s u l t .  Wi th in  t h e  r e p r o d u c i b i l i t y  o f  t h e  

measurements,  t h i s  was n o t  o b s e r v e d  for t r ip l ica te  i n j e c t i o n s  

r e g a r d l e s s  o f  t h e  d e l a y  t i m e .  The f a c t  t h a t  no t r e n d  w a s  o b s e r v e d  

on  i n c r e a s i n g  c o n t a c t  t i m e s  e l i m i n a t e s  t h e  p o s s i b i l i t y  of a rela- 

t i v e l y  s l o w  a d s o r p t i o n  process masking t h e  i r r e v e r s i b l e  desorp-  

t i o n .  For a s l o w  d e s o r p t i o n  process, peak t a i l i n g  would be 
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METALLOPHILIC AND SILANOPHILIC INTERACTIONS 238 1 

expected for a peak with a k' of 2 .1 .  It is clear from Figure 3 

that no significant tailing occurred. In the limit of extremely 

slow desorption, the peak area should decrease with increasing 

contact time. Since this was not observed, any irreversible 

adsorption sites present are not detectable by chromatographic 

experiments. Thus, for a strong metal complexing agent, there 

does not appear to be a metallophilic interaction with the packing 

naterial which results in non-ideal behavior. 

CONCLUSIONS 

There are a number of components in an HPLC column which 

affect chromatographic behavior. The effect of the bed ter- 

minating device, frits or screens, is evidenced in two ways. 

First, the efficiency for non-polar or apolar compounds improves, 

probably due to improved deposition of the sample onto the head of 

the column. This effect was most pronounced for early eluting 

peaks and in the symmetry of almost all peaks. Second, there does 

appear to be metallophilic interaction between amine compounds and 

frits which can broaden and tail the peaks. Again, the effect is 

most apparent in weakly retained peaks where interaction with 

other column components is minimized. We feel that screens will 

in all cases be superior to frits for amine or protein separa- 

tions ( 3 6 ) .  

The interactions of amines with the chromatograhic support is 

complex. The curvature in the k' versus amine concentration plot 

again illustrates that more than on mechanism is operating. The 

behavior of amines can be compared to that of alcohols, phenols, 

and protonated thiols. The latter groups are readily chroma- 

tographed by silica-based RP-HPLC. The fact that all of these 

groups are poor hydrogen bond acceptors but good donors implies 

that silanol groups are strong hydrogen bond donors and poor 

acceptors, as would be expected from their Eronsted acidity. 

Thus, depending on the pKa of the silanol groups and the mobile 

phase pH and ionic strength, both hydrogen bonding and ionic 

interactions can occur with amine functional groups. 
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A 
B 

C 

D 

E 

FItiURE 3. Peak profiles fo r  benzenethiol eluted with 60/40 
methanol/water, 25 mM acetic acid. Flow rate was 1 ml/min. The 
delay times are: A = 0 (directly eluted); B = 5 min; C = 15 min; 
D = 30 min; E = 60 min. 
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Finally, we have shown metallophilic interactions on the 

packing material to be of little significance for the majority of 

compounds. This may be the result of the presence of passive spe- 

cies on the surface, physical inaccessibility of the metal sites, 

or a surface concentration too low to he of any consequence in the 

separation process. 

From the above results, the retention mechanism of amines and 

other hydrogen bond accepting species in RPLC is a convolution of 

only hydrophobic and silanophi1i.c interactions. The relative 

contribution of these processes to the peak shape and retention in 

determined by the silanophilicity of the solute, the concentration 

of the solute, and the concentration of residual silanol qroups on 

the surface. 
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