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Friction measurements on particles adhered to compacted powder surfaces have been 
undertaken bythe centrifuge technique to investigate the influence of the variations in the 
chemical structure of a series of salts of salmeterol. Two mathematical models have been 
used to evaluate the experiments, and the coefficient of static friction, the friction force and 
the theoretical shear force on compacted powder surfaces of lactose monohydrate and 
salmeterol xinafoate have been derived. The results show differences in the mechanism of 
friction and also divide the five compounds into comparatively hard (salmeterol base and 
sulfate) and soft (salmeterol 4-chlorobenzoate, salicylate and xinafoate) materials. The 
hydrophilic nature of the particulate material was found to be indicative of its friction 
properties on a hydrophobic surface, and vice versa. The ability of a material to adsorb water 
is reflected in the relative hydrogen bonding coefficient (Hansen-solubility parameter), and 
a linear relationship was found between this coefficient and the friction force obtained. 
Water can act as a lubricant reducing the friction between two surfaces. The friction between 
like materials in contact was found to be minimal. The results also imply that no general 
descriptor of the chemical structure of related compounds, which would allow the prediction 
of friction properties, exists. Instead, the descriptor needs to be chosen according to the 
properties of the surfaces in contact, or friction experiments have to be performed. 

1. Introduction 
During the manufacture of dry powder inhalation 
applications, adhesion and friction occur between the 
carrier and drug particles influencing the homogeneity 
of the mixtures and their subsequent handling proper- 
ties during inhalation. During powder mixing, sliding 
friction will dominate over static phenomena, whereas 
during the inhalation process the larger static friction 
forces, which occur during the detachment of the drug 
particles from the carrier particles, act in addition to 
adhesion forces. It has been shown previously [1-3] 
that a centrifuge technique can be successfully used to 
determine static friction forces and the coefficient of 
static friction between particles and a surface of flat or 
particulate nature. 

Mechanical properties of the contacting bodies are 
important in the prediction of friction forces. Differ- 
ences in material hardness lead to different types of 
abrasion, and the ductility or brittleness of the softer 
surface also effects the friction result [-4]. DeCelis I-5] 
quantified the relationship between fracture tough- 
ness, hardness and coefficient of dynamic friction for 
ductile and brittle materials in autoadhesion contact. 

Particular attention has been drawn to the effect of 
surface roughness on friction phenomena. An asperity 
based model was developed by Greenwood and Will- 
iamson [6], which is still the basic assumption in- 
volved in friction studies [-7]. This model defines the 
shape, radius and height of the asperities and their 
distance from each other, and it assumes that only the 
asperities deform during the surface contact. The rela- 
tive movement of the contacting surfaces will not start 
simultaneously at all asperity contact points ("micro- 
displacement phenomenon", Bowden and Tabor [8]). 
The influence of the degree of surface roughness on the 
micro-displacement can be described statistically [-9]. 
Generally, friction is lowest between highly polished 
surfaces, and it increases with increased surface rough- 
ness. However, for extremely rough surfaces 
(Rq > 2.5 gin) it was found that the friction phe-' 
nomena are independent of the actual surface rough- 
ness value [10]. To date, no link has been made 
between the chemical structure of organic powders in 
contact and the friction phenomena. 

The aim of this work was to assess the friction force 
and the coefficient of static friction for a series of 
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related chemicals (salmeterol base and four salmeterol 
salts), and to identify key points in their chemical 
structure, which might give a predictive link t o  the 
friction properties measured on compacted powder 
surfaces. 

The following two models used require the 
measurement of a median detachment force of par- 
ticles adhered to a surface using different angles be- 
tween the detachment force vector (in this paper a 
centrifuge force vector) and the surface. 

Model I [2] allows the calculation of the coefficient 
of static friction g from the following linear function 

FdetCOSO~ = - -~Fae ts incx  -F gFad (1) 

where Fa~t is the median detachment force, ~ is the 
angle between the detachment force vector and 
the surface, and F~a is the median adhesion force. The 
friction force Ffriot is equal to the intercept (g x F,~) of 
the function. Model II [1] calculates a force value 
Fs that results from the ~wo forces (Fad and Fdet) which 
pull on the jparticles during detachment in different 
directions 

Fs = [F~ 2 + F~et -- 2FadFaetcos(90 ~ + 0~)] 1/2 

(2) 

From the linear function of Fs =f(cx) a shear force 
F~hoa~ (intercept) can be calculated, which is (a) equal to 
Fdet at ct = 0 ~ if adhesion does not take part in the 
friction process, (b) equal to Fad if adhesion is the main 
mechanism to resist the friction force, or (c) larger than 
F.a if other mechanisms such as ploughing are also 
involved. In the latter case, the difference between 
Fshe.~ and F.a quantifies the ploughing component. 

2. Experimental procedure 
Salmeterol base and its salts, 4-chlorobenzoate, sulfate 
and salicylate have been used as unfractionated pow- 
der samples. Salmeterol xinafoate has been used as 
a particle size fraction < 90 gin. The particle size 
distribution was determined using image analysis 
(Seescan Solitaire 512) of particles suspended in liquid 
paraffin. Two drops of the homogeneous suspension 
were placed on a glass slide and covered with a cover 
slip allowing the suspension to be equally distributed 
between the two glass surfaces. One thousand par- 
ticles were measured per sample, and the mean Feret 
diameter of the number distribution was determined. 
The materials have the following mean Feret 
diameters: 15.4 _-t- 12.5 gm (base), 14.7 + 7.4 gm (sul- 
fate), 19.6 _ 15.9 gm (4-chlorobenzoate), 22.7 __ 
15.7 txm (salicylate) and 35.9 _+ 27.2 gm (xinafoate). 
To determine the particle mass, particles were 
sprinkled onto dark grey plastic discs using a 
45 gm (salmeterol base and sulfate) or 63 gm sieve. 
The sieve sizes were chosen to match the most fre- 
quent particle size identified in the particle size ana- 
lyses of the powders and to exclude agglomerates. The 
total particle mass was assessed by difference weighing 
using an autobalance (AD-4, Perkin Elmer). The num- 
ber of particles per disc was then counted using image 
analysis. These measurements were replicated four 
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times. The following particle masses were deter- 
mined: 37.7 _+ 3.6 ng (base), 37.4 _-t- 19.3 ng (sulfate), 
55.8 __+ 18.2 ng (4-chlorobenzoate), 35.7 _ 4.1 ng 
(salicylate) and 64.0 + 8.2 ng (xinafoate). 

Lactose monohydrate and salmeterol xinafoate 
were chosen as powder surfaces in the compacted 
form. Such compacted surfaces need to be very stress 
resistant against high centrifuge forces applied in the 
adhesion/friction experiments. Hence, bilayer surfaces 
of the powders with microcrystalline cellulose as sup- 
port surface were made, using either 360 mg micro- 
crystalline cellulose and 50 mg salmeterol xinafoate 
(top layer) or 330 mg microcrystalline cellulose and 
100 mg lactose monohydrate (top layer). The amount 
of microcrystalline cellulose was weighed and poured 
into a 12.77 mm punch and split-die system levelling 
the powder surface horizontally using first a spatula 
and then a 12.77 mm punch surface without applica- 
tion of any measurable pressure. The powder bed did 
not exceed the maximum bulk density at this stage. 
The amount of salmeterol xinafoate or lactose mono- 
hydrate was spread on top of the support powder 
layer and distributed equally. The upper punch was 
fitted and the punch and die system was placed be- 
tween the two plates of a Universal Testing Machine 
(Instron, Model TT). The necessary compaction pres- 
sure (80 MPa) was applied using a cross-head speed of 
0.05 mm s-1. Afterwards, punch and die were disas- 
sembled, and the compacts which had formed were 
stored in Petri dishes at 35% relative humidity of the 
air for at least eight weeks. The top layer was approx- 
imately 400 t~m thick, and the final dimensions of the 
compacts were 12.9 mm diameter and 2.95 mm height. 

Powder particles were deposited on top of the active 
layer of the compacted surfaces using a sieve tech- 
nique to guarante e an agglomeration-free distribu- 
tion. The adhesion and friction properties of these 
particles were assessed with the centrifuge technique 
described earlier [3] based on the Ultracentrifuge 
Centrikon T-1080 using a vertical rotor (TV-850, 
DuPont  Sourvall) and a set of specially devised 
adapters. A press-on force of about 5 x 10 . 9  N was 
used, and several spin-offforces were applied to obtain 
adhesion force distributions, from which the median 
detachment force for the friction experiments (median 
adhesion force in adhesion experiments) was obtained. 
Additionally, the interquartile range of the adhesion 
force was assessed to describe the shape of the distri- 
butions. All results quoted are the arithmetic mean 
value and standard deviation of six compacted 
surfaces tested. 

3. Results and discussion 
Table I summarizes the median adhesion/friction 
forces and interquartile ranges obtained for the 
salmeterol compounds on compacted lactose mono- 
hydrate surfaces. The value of ~ is the angle between 
the centrifuge force vector and the compacted powder 
surface. Consequently, an ~ value of 90 ~ is equivalent 
to the classical adhesion experiment [11], whereas an 

value below 90 ~ has been used in classical friction 
studies [12]. The measurement of the median adhesion 



TABLE I Adhesion and friction forces measured between particles of salmeterol compounds and compacted lactose monohydrate surfaces 
(arithmetic mean • standard deviation) 

Salmeterol Fo. cx = 90 ~ c~ = 80 ~ a = 60 ~ a = 40 ~ a = 20 ~ a = 0 ~ 

Base 4.92 M 2.58 • 0.54 1.90 • 0.21 1.88 • 0.26 0.76 • 0.07 0.81 • 0.13 0.76 • 0.09 
IQR 3.61 • 0.81 1.69 • 0.11 2.03 • 0.12 1.01 __ 0.17 1.03 __ 0.22 1.02 • 0.23 

Sulfate 4.88 M 3.05 • 0.24 3.54 • 0.19 1.70 _+ 0.21 1.17 • 0.20 0.84 • 0.06 0.73 • 0.04 
IQR 4.70 _+ 0.66 3.72 • 0.72 1.94 • 0.19 1.48 • 0.10 0.76 • 0.11 0.53 • 0.04 

4-Cl-benzoate 5.22 M 2.24 • 0.35 1.47 • 0.13 1.35 +_ 0.15 1.47 • 0.18 1.06 -t- 0.06 0.67 + 0.17 
IQR 2.83 • 0.24 1.82 • 0.24 1.67 • 0.28 1.74 _+ 0.31 1.20 • 0.17 0.89 + 0.08 

Salicylate 4.66 M 1.69 -t- 0.16 1.21 • 0.16 0.88 _+ 0.07 0.71 • 0.04 0.67 • 0.02 0.56 • 0.07 
IQR 1.78 • 0.29 0.87 _ 0.06 0.69 • 0.06 0.72 __ 0.06 0.65 • 0.06 0.59 • 0.06 

Xinafoate 4.94 M 1.01 • 0.09 0.83 • 0.09 0.68 _+ 0.13 0.52 • 0.17 0.55 • 0.15 0.59 • 0.08 
IQR 1.11 • 0.38 0.87 • 0.22 n.d. n.d. n.d. n.d. 

M, median detachment force ( x 10-9 N); IQR, interquartile range ( x 10-9 N); ~, angle between centrifugal vector and surface; Fo,, press-on 
force ( x 10- 9 N); n.d., value not determined, because initial amount of particles detached was below 75 %. 

TABLE II Adhesion and friction forces measured between particles of salmeterol compounds and compacted salmeterol xinafoate surfaces 
(arithmetic mean • standard deviation) 

Salmeterol Fon ~ = 90 ~ c~ = 80 ~ e~ = 60 ~ ~ = 40 ~ c~ = 20 ~ c~ = 0 ~ 

Base 4.92 M 3.54 • 0.45 3.82 • 0.76 2.48 • 0.34 3.06 • 0.24 2.26 • 0.44 2.18 _ 0.37 
IQR 5.35 • 0.67 5.46 • 0.83 3.30 • 0.38 4.14 __ 0.30 3.51 • 0.66 4.52 • 0,54 

Sulfate 4.88 M 3.01 • 0.24 2.82 • 0.19 2.23 • 0.67 2.33 • 0.22 2.10 • 0.32 1.42 _ 0.25 
IQR 3.33 • 0.21 4.11 • 0.87 2.68 • 0.44 2.69 • 0.42 3.04 • 0.38 2.43 • 0.27 

4-Cl-benzoate 5.22 M 3.86 • 0.67 3.70 • 0.46 2.76 • 0.39 2.89 • 0.19 1.94 • 0.44 1.13 • 0.18 
IQR 4.59 • 0.73 4.72 _ 0.32 4~13 • 0.78 3.83 _+ 0.29 2.25 • 0.36 2.07 • 0.45 

Salicylate 4.66 M 2.36 • 0.19 2.22 • 0.23 1.86 • 0.23 0.97 _+ 0.10 0.99 • 0.08 0.62 • 0.05 
IQR 2.32 • 0.55 2.22 ___ 0.34 2.27 • 0.26 1.00 • 0.06 1.15 • 0.09 0.73 • 0.10 

Xinafoate 4.94 M 2.12 • 0.17 2.03 • 0.22 1.18 +_ 0.11 1.03 • 0.12 0.86 • 0.08 0.67 _+ 0.05 
IQR 2.57 • 0.51 2.36 • 0.43 1.47 • 0.13 1.27 • 0.22 0.99 • 0.13 n.d. 

M, median detachment force ( x 10-9 N); IQR, interquartile range ( x 10- 9 N); c~, angle between centrifugal vector and surface; Fon, press-on 
force (x 10 -9 N); n.d., vMue not determined, because initial amount of particles detached was below 75%. 

force (a = 90 ~ is necessa ry  for  the  ca l cu l a t i ons  ba sed  

on  m o d e l  I I  c o n s i d e r e d  in the  t heo re t i c a l  sect ion.  

T a b l e  I I  lists s imi la r  va lues  for  the  o b s e r v a t i o n s  m a d e  

on  c o m p a c t e d  s a l m e t e r o l  x i n a f o a t e  surfaces.  

F o r  s a l m e t e r o l  base  on  c o m p a c t e d  l ac tose  m o n o -  

h y d r a t e  surfaces,  a n y  m e d i a n  d e t a c h m e n t  force  be-  

tween  a o f  90 to  40 ~ is less t h a n  its p r e d e c e s s o r  at  

a h i g h e r  a va lue .  B e t w e e n  40 a n d  0 ~ the  m e d i a n  

d e t a c h m e n t  force  a p p e a r s  to  be  re la t ive ly  cons tan t .  

Th i s  suggests  t h a t  in a c lass ical  m a c r o s c o p i c  f r ic t ion  

e x p e r i m e n t  e.g. us ing  a s lope,  t he  t r an s i t i on  ang le  

b e t w e e n  s ta t ic  a n d  d y n a m i c  f r i c t ion  w o u l d  be  f o u n d  

b e t w e e n  an  ang le  of  dec l ine  of  40 a n d  60 ~ . F o r  the  

s a m e  p o w d e r  m a t e r i a l  on  c o m p a c t e d  s a l m e t e r o l  

x i n a f o a t e  surfaces,  gene ra l ly  all  m e d i a n  d e t a c h m e n t  

force  va lues  a re  h i g h e r  t h a n  the  c o m p a r a t i v e  va lues  

for  c o m p a c t e d  l ac tose  m o n o h y d r a t e  surfaces.  A t  an  

ang le  ~ of  80 ~ the re  is a s l ight  inc rease  in m e d i a n  

d e t a c h m e n t  force  c o m p a r e d  to the  m e d i a n  a d h e s i o n  

force  sugges t ing  a s t i ck - s l ip  m o t i o n  [13]  r a t h e r  t h a n  

an  i m m e d i a t e ,  s m o o t h  d e t a c h m e n t .  Th i s  m i g h t  h a v e  

resu l ted  in g r ea t e r  sur face  d a m a g e  c o m p a r e d  to  

a s m o o t h  d e t a c h m e n t  [14],  because  the  m a j o r  causes  

of  sur face  d a m a g e  due  to  f r ic t ion  a re  the  b r e a k i n g  of  

a d h e s i o n  j u n c t i o n s  a n d  the  d e f o r m a t i o n  o f  the  asper i -  

ties in a d h e s i o n  con tac t .  In  sys tems  such  as t hose  

s tudied,  w h e r e  the  a d h e s i o n  force  has  been  e n h a n c e d  

(press -on  force  app l ied)  to  o b t a i n  m a x i m a l  sur face  

con tac t ,  these  p h e n o m e n a  a re  l ikely  to be  f o u n d  a n d  

h a v e  to be  c o n s i d e r e d  in the  l a te r  s tage  w h e n  us ing  

f r ic t ion  m o d e l s  to assess the  coeff ic ient  of  s ta t ic  fric- 

t ion  a n d  the  degree  of  p lough ing .  T h e  ang le  of  dec l ine  

for  the  t r a n s i t i o n  b e t w e e n  s ta t ic  a n d  d y n a m i c  f r ic t ion  

a p p e a r s  to  be  b e t w e e n  80 a n d  60 ~ , hence  l a rge r  t h a n  

for  the  s a m e  c h e m i c a l  on  c o m p a c t e d  l ac tose  m o n o -  

h y d r a t e  surfaces.  

F o r  s a l m e t e r o l  sulfate  par t ic les ,  s t i ck - s l ip  m o t i o n  

appea r s  to  o c c u r  on  the  c o m p a c t e d  l ac tose  m o n o -  

h y d r a t e  surfaces  (see T a b l e  I) b u t  n o t  on  the  c o m p a c -  

t ed  s a l m e t e r o l  x i n a f o a t e  surfaces  (see T a b l e  II). I n  

b o t h  cases the  ang le  of  t r an s i t i on  b e t w e e n  s ta t ic  a n d  

d y n a m i c  f r ic t ion  is sugges t ed  to  lie b e t w e e n  80 a n d  

60 ~ T h e  a d h e s i o n  of  the  par t ic les  to  e i the r  sur face  is 

s ta t i s t ica l ly  n o t  different ,  bu t  the  m e d i a n  d e t a c h m e n t  

forces for  ~ va lues  b e t w e e n  60 a n d  0 ~ a re  h ighe r  for  

c o m p a c t e d  s a l m e t e r o l  x i n a f o a t e  surfaces  sugges t ing  

l a rge r  f r ic t ion  effects. 

C o m p a r i n g  the  resul ts  o b t a i n e d  f r o m  the  de t ach -  

m e n t  force  d i s t r i bu t i ons  for  s a l m e t e r o l  4 - ch lo ro -  

b e n z o a t e  par t i c les  a d h e r e d  to c o m p a c t e d  surfaces  of  
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lactose monohydrate (see Table I) and salmeterol 
xinafoate (see Table II), a smooth detachment occurs 
in both cases, reflected in the consecutive decline of the 
median detachment forces with decreasing angle a. 
The angle of transition between static and dynamic 
friction is approximately between 40 and 20 ~ . In 
general the force values obtained on compacted 
salmeterol xinafoate surfaces are higher than those 
obtained on compacted lactose monohydrate surfaces. 

Salmeterol salicylate particles, when tested on 
compacted lactose monohydrate (see Table I) and 
salmeterol xinafoate surfaces (see Table II), again pro- 
vide a steady decline in the median detachment force 
when decreasing the angle between the centrifuge 
force vector and the compacted surface. The detach- 
ment force values obtained on the compacted 
salmeterol xinafoate surfaces are higher than those 
resulting from the experiments undertaken with com- 
pacted lactose monohydrate surfaces. For the experi- 
ments using compacted lactose monohydrate surfaces 
the angle of transition between static and dynamic 
friction cannot be determined. However, using com- 
pacted salmeterol xinafoate surfaces this angle ap- 
pears to be between 60 and 40 ~ . 

Salmeterol xinafoate provides the least adhering 
particulate material to either surface tested (see Tables 
I and II). The results suggest a generally smooth 
detachment and stronger (auto)adherence to compac- 
ted salmeterol xinafoate surfaces. The latter is in 
agreement with previous findings [15, 16]. The angle 
of transition between static and dynamic friction is 
approximately 60-40 ~ and 80-60 ~ using compacted 
lactose monohydrate and compacted salmeterol 
xinafoate surfaces, respectively. 

Based on the median detachment forces provided in 
Tables I and II the coefficient of static friction and the 
friction force between particles and surfaces has been 
calculated using model I (see Section 1 and Table III). 
Fig. l(a) shows this model function for salmeterol 
xinafoate particles adhered to compacted lactose 
monohydrate surfaces as an example. Furthermore, 
a theoretical adhesion force has been derived from the 

TAB L E I I I Coefficient of static friction based on friction model I, 
and related values for salmeterol compounds adhered to compacted 
lactose monohydrate and salmeterol xinafoate surfaces 

Surface Salmeterol I1 F frier /Wad(t) 

Lactose 
monohydrate 

Salmeterol 
xinafoate 

Base 0.28 0.78 • 0.05 2.76 
Sulfate 0.25 0.93 _+ 0.16 3.73 
4-Cl-benzoate 0.62 1.37 4- 0.25 2.22 
Salicylate 0.44 0.74 _+ 0.02 1.70 
Xinafoate 0.57 0.61 _+ 0.03 1.07 

Base 0.54 2.34 _+ 0.27 4.36 
Sulfate 0.87 2.79 _+ 0.27 3.23 
4-Cl-benzoate 0.59 2.67 _+ 0.54 4.55 
Salicylate 0.28 0.84 _+ 0.15 3.03 
Xinafoate 0.39 0.99 _+ 0.12 2.51 

g, coefficient of static friction; Frrlct, friction force ( x 10 9 N) (arith- 
metic mean • standard deviation, F,mt), theoretical adhesion force 
( x 10 .9 N). 
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Figure 1 The use of friction models (see Section 1) to estimate the 
coefficient of static friction (a) and the theoretical shear force (b) for 
salmeterol xinafoate particles adhered to compacted lactose mono- 
hydrate surfaces. Fae,, median detachment force; F~, force that pulls 
on the particles in friction tests (centrifuge technique). 

intercepts of the numerical equations. The theoretical 
and practically measured adhesion force values would 
be identically if adhesion was the only source of fric- 
tion observed. However, for the measurements of 
salmeterol sulfate on compacted lactose monohy- 
drate surfaces, and for salmeterol base, salicylate and 
xinafoate on compacted salmeterol xinafoate surfaces 
the values are statistically significantly different (t-test: 
re= 0.05 = 2.57, t s u l f a t e / l a c t o s  e = 6.34, t b a s e / x i n a f o a t e  = 4.07, 
tsalicylate/xinafoate = 7.88, txinafoate/xinafoat e = 5.13). As men- 
tioned previously there is considerable stick-slip 
motion between salmeterol sulfate particles and 
compacted lactose monohydrate surfaces, as well as 
between salmeterol base particles and compacted 
salmeterol xinafoate surfaces, probably causing a lar- 
ger degree of surface damage and surface removal 
(ploughing effect, Bowden and Tabor [17]). It can 
therefore be assumed that the higher vaIties of the 
adhesion force estimated using model I are in all cases 
the result of considerable surface damage during fric- 
tion. 

The coefficient of static friction is higher on com- 
pacted salmeterol xinafoate surfaces for salmeterol 
base and sulfate only, whereas for the three other salts 
the values obtained on compacted lactose monohyd- 
rate surfaces are higher although the median 
detachment forces were generally lower, Compacted 
lactose monohydrate provides the rougher and 



harder surfaces (root mean square of rugosity: 
Rq = 2.8 4-_ 0.3 gm; indentation hardness: H = 
420 MPa [18]). However, only the hardness of the 
surfaces appears to be important. The roughness of 
the compacted surfaces is higher than the value of 
Rq = 2.5 gm given in the literature [10] as a max- 
imum roughness, above which the surface roughness 
no longer influences the friction. Assuming that hard 
abrasion is the more common phenomenon in friction 
[4], the results indicate that salmeterol base and sul- 
fate are very hard materials which damage the com- 
pacted salmetrol xinafoate surfaces when in friction 
contact. On the other hand, the hard lactose mono- 
hydrate asperities might pull off pieces of the rather 
soft particles of the other three salmeterol salts, and 
finally some soft abrasion between these three 
salmeterol salts and the compacted salmeterol 
xinafoate surfaces could occur, possibly damaging 
both the particulate and the compacted surfaces. 

The theoretical shear forces calculated using model 
II (see theoretical section) are listed in Table IV, and 
Fig. l(b) shows the graphical presentation of this 
model function for salmeterol xinafoate particles ad- 
hered to compacted lactose monohydrate surfaces 
asan example. Again a theoretical adhesion force 
could be derived and compared statistically with the 
measured median adhesion forces (see Tables I and II). 
In two cases there is a significant difference (t-test: 
te=o.05 = 2.57, t su l f a t e /x ina foa t  e = 2.65, t sa l iey la te /x inafoa te  

2.71). This is the first indication that mechanisms 
other than adhesion are involved in the friction pro- 
cess. The comparison of the theoretical shear forces 
with the measured median adhesion forces is also 
indicative of ploughing. With the exception of 
salmeterol base and 4-chlorobenzoate adhered 
to compacted lactose monohydrate surfaces and 
salmeterol 4-chlorobenzoate adhered to compacted 
salmeterol xinafoate surfaces, all theoretical shear for- 
ces are significantly higher than the measured median 
adhesion forces (t-test for comparable variances, 
Welch-Aspin test for variance inhomogeneity). For 
the three exceptional cases there was also no obvious 
ploughing detected using model I. Hence in these three 
samples, adhesion is the main factor causing friction, if 
the surfaces are in motion. 

T A B L E  IV Theoretical shear force between compacted surfaces 
of lactose monohydrate and salmeterol xinafoate and particles of 
salmeterol compounds, based on friction model II 

Surface Salmeterol Fs~o, r Fad(t ) 

Lactose Base 2.86 _+ 0.16 2.76 
monohydrate Sulfate 3.37 _+ 0.22 3.29 

4-Cl-benzoate 2.43 __+ 0.06 2.34 
Salicylate 1.87 + 0.08 1.78 
Xinafoate 1.20 _+ 0.03 1.04 

Salmeterol Base 4.31 _4- 0.16 3.72 
xinafoate Sulfate 3.57 _+ 0.18 3.27 

4-Cl-benzoate 4.35 4- 0.27 4.20 
Salicylate 2.65 4- 0.18 2.57 
Xinafoate 2.39 _+ 0.17 2.29 

F hea ~, theoretical shear force ( x 10 -9 N) (arithmetic mean __ stan- 
dard deviation); Fad(t), theoretical adhesion force (x  10 -9 N). 

To find out whether or not there are parts of the 
chemical structure, which might be responsible for the 
different friction behaviour, the molecular structure of 
the chemicals was quantified using Hansen's solubility 
parameter approach [19, 20]. This approach is based 
on the reconstruction of the chemical structure from 
homomorph components and functional groups. 
(Homomorph components are chemicals which have 
a similar basic structure but different functional 
groups. For example, cyclohexane, methylcyclo- 
hexane and cyclohexylamine are homomorph compo- 
nents, because the basic structure is cyclohexane.) 
For the homomorph components and the functional 
groups, the Hansen-solubility parameters are 
tabulated. The tabulated values can be used for the 
calculation of the solubility parameters of any further 
chemical structure using the equations provided by 
Hansen and Beerbower [20]. 

Table V lists the Hansen-solubility parameters for 
the salmeterol compounds as relative values. The rela- 
tive dispersion coefficient D characterizes the hydro- 
phobic properties of a chemical, whereas the relative 
polarity coefficient P and the relative hydrogen bond- 
ing coefficient H describe the hydrophilic character 
of a substance regarding its overall polarity and its 
particular affinity to H-bondings, respectively. The 
salmeterol compounds are comparatively apolar 
when compared to lactose monohydrate, which is 
characterized by the following Hansen-solubility 
parameters: P = 64.82%, H = 71.82%, D = 25.32%. 
Hence the friction measurements undertaken reflect 
friction behaviour of comparatively apolar particulate 
materials on (a) polar, hydrophilic surfaces (compac- 
ted lactose monohydrate) and (b) apolar, hydrophobic 
surfaces (compacted salmeterol xinafoate). 

Fig. 2 compares the coefficient of static friction 
obtained on compacted lactose monohydrate and 
salmeterol xinafoate surfaces with the relative polarity 
coefficient of the salmeterol compounds. On the hy- 
drophilic compacted lactose monohydrate surface 
a maximum coefficient of static friction exists between 
34 and 35% relative polarity of the adhered particles. 
On the other hand, a minimum coefficient of static 
friction was obtained at a relative polarity of about 
31.5% of the salmeterol compounds adhered onto the 
hydrophobic compacted salmeterol xinafoate surfa- 
ces. Salmeterol salicylate and salmeterol xinafoate are 
similar in terms of their polarity. Hence, it could be 
concluded that the static friction between like substan- 
ces has the lowest value. 

T A B L E  V Hansen-solubility parameters for salmeterol com- 
pounds 

Salmeterol D (%) P (%) H (%) 

Base 73.29 29.00 61.57 
Sulfate 71.44 36.29 59.85 
4-Chlorobenzoate 72.27 34.62 59.79 
Salicylate 69.93 31.48 64.17 
Xinafoate 69.55 31.70 64.50 

D, relative dispersion coefficient; P, relative polarity coefficient; 
H, relative hydrogen bonding coefficient. 
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Figure 2 Coefficient of static friction as a function of the relative 
polarity coefficient, determined on compacted lactose monohydrate 
(N) and salmeterol xinafoate ( i )  surfaces. 
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Figure 3 Friction force as a function of the relative hydrogen 
bonding coefficient, determined on compacted lactose monohydrate 
(N) and salmeterol xinafoate ( , )  surfaces. 

Fig. 3 shows the friction force determined as a func- 
tion of relative hydrogen bonding coefficient H. There 
is a clear linear relationship between the friction force 
and H for salmeterol compounds adhered to compac- 
ted lactose monohydrate surfaces. There is also a lin- 
ear relationship between these particulate materials 
and compacted salmeterol xinafoate surfaces, but the 
slope of the latter function is less than obtained on 
compacted lactose monohydrate surfaces. In both 
cases, the friction force decreases with increased rela- 
tive hydrogen bonding coefficient. A larger amount of 
hydrogen bondings might result in more water being 
adsorbed on the outside of the particle surfaces. Such 
water could act as a lubricant between the particles 
and the surfaces. The compacted salmeterol xinafoate 
surfaces wet less with water than compacted lactose 
monohydrate surfaces [16], and therefore the lubri- 
cative effect should be less pronounced. 

As shown in Fig. 4, there is also a relationship 
between the friction force obtained on compacted 
lactose monohydrate surfaces and the difference in the 
relative dispersion coefficient between the particles 
and the surface (Fig. 4(a)), and between the friction 
force obtained on compacted salmeterol xinafoate sur- 
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Figure 4 Friction force as a function of the difference between the 
relative dispersion coefficient of particles of salmeterol compounds 
and compacted lactose monohydrate surfaces (a), and between the 
relative polarity coefficient of particles of salmeterol compounds 
and compacted salmeterol xinafoate surfaces (b). 

faces and the difference between the relative polarity 
coefficient of the particles and the surface (Fig. 4(b)). 
This means that for a hydrophilic surface the hydro- 
phobic character of the particulate material adhered 
dominates the friction process, and vice versa. In both 
cases an optimum of hydrophilic or hydrophobic 
character appears to exist. This is very distinctive for 
the friction of the salmeterol compounds on compac- 
ted salmeterol xinafoate surfaces, in fact, friction again 
appears to be least for like materials in contact (differ- 
ence between the relative polarity coefficient nearly 
zero). 

Fig. 5 shows that there is an influence of the relative 
hydrogen bonding coefficient on the shear force be- 
tween salmeterol particles and a compacted lactose 
monohydrate surface (Fig. 5(a)), whereas the shear 
force appears to depend on the relative dispersion 
coefficient when measured on compacted salmeterol 
xinafoate surfaces (Fig. 5(b)). In both cases the rela- 
tionship can be regarded as linear. An increase in 
relative dispersion coefficient leads to an increase in 
shear force and presumably to more surface damage 
during friction on compacted salmeterol xinafoate 
surfaces. An increase in relative hydrogen, bonding 
coefficient, however, is complemented by a decrease in 
shear force obtained on compacted lactose monohy- 
drate Surfaces, which is in good agreement with the 
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Figure 5 Theoretical shear force as a function of the relative hydro- 
gen bonding coefficient for particles of salmeterol compounds ad- 
hered to compacted lactose monohydrate surfaces (a), and of the 
relative dispersion coefficient of particles of satmeterol compounds 
adhered to compacted salmeterol xinafoate surfaces (b). 

occurrence of stick-slip motion for salmeterol base 
and sulfate on this surface. 

4. Conc lus ion  
The variations in the chemical structure of a series of 
related compounds could be a key factor to predict 
adhesion and friction properties on surfaces. However, 
none of the Hansen-solubility parameters, used in this 
paper to characterize the chemical structure, can be 

regarded as an overall measure of such relationships. 
Whether or not the hydrophilic or hydrophobic na- 
ture of the particles adhered is linked to the friction 
process depends on the hydrophilic or hydrophobic 
character of the surface in contact. This implies that 
there is probably no fixed set of descriptors available, 
which can always be used to predict or explain a par- 
ticular friction behaviour. The practical experiment 
remains therefore the better alternative. 
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