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0   Electrorheological  fluid  comprising  a  polysiloxane  having  a  fluorohexylalkyl  group. 

0   An  electrorheological  fluid  which  is  a  suspension  of  a  finely  divided  solid  in  an  insulating  fluid  comprising 
fluorohexylalkyl  functional  polysiloxane. 
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This  invention  is  directed  to  an  electrorheological  fluid  which  is  a  suspension  of  a  finely  divided  solid  in 
an  insulating  fluid.  More  particularly,  the  invention  is  related  to  the  use  of  a  polysiloxane  having  a 
fluorohexylalkyl  group  as  the  insulating  fluid. 

Electrorheological  fluids  are  well  known  in  the  art  and  are  suspensions  of  finely  divided  polyelectrolyte 
5  solids  in  an  insulating  fluid.  Electrorheological  fluids  possess  the  remarkable  property  in  that  when  the  fluid 

is  subjected  to  a  strong  electrical  field,  their  rheological  properties  change  from  that  of  a  free  flowing  liquid 
to  a  Bingham  type  material.  Thus,  upon  application  of  a  strong  electrical  field,  the  fluid  undergoes  a 
significant  viscosity  increase  that  is  reversible  upon  removal  of  the  field. 

It  has  been  proposed  to  employ  certain  fluorosilicones  as  insulating  fluids  in  electrorheological 
io  applications.  For  example,  U.S.  Patent  4,812,251  (Stangroom)  dated  14th  March  1989  discloses  an 

electrorheological  fluid  comprising  a  hydrophilic  solid  and  a  hydrophobic  liquid  component  in  which  the 
liquid  component  comprises  a  fluorosilicone  having  an  average  molecular  weight  of  200  to  700.  The  low 
molecular  weight  fluorosilicones  disclosed  are  exemplified  by  a  mixture  of  linear  and  cyclic  polysiloxanes, 
primarily  methyl  trifluoropropyl  siloxanes,  the  linear  chains  having  trimethylsilyl  end  groups.  U.S.  4,812,251 

75  teaches  that  these  fluorosilicones  are  of  low  viscosity  and  are  miscible  with  polychlorotrifluoroethylene  to 
provide  low  viscosity  mixtures  having  appropriate  density  matching  with  solids  e.g.  starch  or  silica  gel  used 
to  prepare  electrorheological  fluids. 

G.B.  2  210  893  A  (American  Cyanamid)  dated  21st  June  1989  discloses  an  electrorheological  fluid 
comprising  a  solid  phase  (for  example  the  lithium  salt  of  a  polymethacrylic  acid)  dispersed  in  a  base  liquid 

20  comprising  a  polyfluoroalkylmethylsiloxane.  These  polysiloxanes  are  exemplified  by  (CH3)3Si(CH3RSiO)nSi- 
(CH3)3  where  R  represents  3,3,3-trifluoropropylsiloxane  (i.e.  R  represents  -CH2CH2CF3)  and  n  has  a  value 
such  that  the  material  is  a  liquid  having  an  average  molecular  weight  from  500  to  1500.  Polymethyl  1,1,2,2- 
tetrahydroperfluorooctylsiloxane  is  also  referred  to,  but  no  specific  examples  of  such  materials  are 
exemplified.  The  base  liquid  may  have  a  viscosity  up  to  about  10,000  cSt  at  25  °C;  low  viscosities  are 

25  mentioned  and  viscosities  of  greater  than  100  cSt  are  exemplified. 
It  is  understood  that  in  some  respects  the  known  polymethyl  3,3,3-trifluoropropylsiloxane  base  liquids 

are  more  efficient  than  many  other  fluids,  for  example  in  respect  of  static  yield  stress.  However,  even  these 
materials  have  a  comparatively  high  current  demand  i.e.  the  current  density  required  to  activate  the  fluid  at 
a  particular  field.  The  lower  the  current  demand,  the  less  power  is  required  to  convert  the  fluid  to  a 

30  Bingham  type  material.  An  insulating  fluid  exhibiting  a  low  current  demand  would  be  highly  advantageous  in 
a  commercial  electrorheological  device. 

It  has  now  been  found  that  an  improved  insulating  fluid  for  use  in  an  electrorheological  application  can 
be  provided  by  use  of  certain  high  density,  low  viscosity,  polysiloxanes  having  at  least  one  silicon-bonded 
fluorohexylalkyl  group. 

35  The  present  invention  provides  in  one  of  its  aspects  an  electrorheological  fluid  comprising  a  suspension 
of  a  finely  divided  solid  in  an  insulating  fluid  comprising  a  polysiloxane  having  at  least  one  siloxane  unit 
having  a  silicon-bonded  fluorohexylalkyl  group. 

An  electrorheological  fluid  according  to  the  present  invention  comprises  an  insulating  fluid  comprising  a 
polysiloxane  having  at  least  one  siloxane  unit  having  a  silicon-bonded  fluorohexylalkyl  group  i.e.  a 

40  fluorohexylalkyl  functional  polysiloxane.  The  polysiloxane  preferably  has  a  high  density  to  match  the  density 
of  the  finely  divided  solid,  i.e.  a  density  greater  than  about  1.3g/ml  and  a  low  viscosity,  i.e.  lower  than  about 
100  cSt,  more  preferably  lower  than  about  40  cSt  at  25  °C.  Preferred  polysiloxanes  have  a  density  of  at 
least  1  .40  g/ml  and  a  viscosity  not  in  excess  of  about  thirty  centistokes  measured  at  25  0  C. 

Preferred  polysiloxanes  have  the  general  formula  R3SiO[(R2SiO)x(RR'SiO)y]nSiR3  in  which  R  is  an  alkyl 
45  radical  having  from  one  to  six  carbon  atoms,  R'  represents  the  group  -CH2CH2(CF2)+F,  x  has  a  value  of  0  to 

0.5;  y  has  a  value  of  1  -  x  and  n  has  a  value  of  3  to  10.  Preferably  the  alkyl  groups  are  all  methyl  groups. 
Polymethylsiloxanes  for  use  in  the  present  invention  may  be  prepared  from  a  fluorohexylmethyl  silicone 

hydrolyzate  (II)  produced  by  hydrolysis  of  a  mixture  of  dimethyldichlorosilane  and  fluorohexylmethyldich- 
lorosilane  according  to  the  scheme 

50 

x M e 2 S i C l 2 + y F ( C F 2 )   4CH2CH2  (Me)  S i C l 2 C H 2 C l 2  
>  HO(Me.S iO)   (MeSiO)  H 

55 
W a t e r   2  x  '  Y 

CH2CH2( 
E q u a t i o n   (1)  ( I I )  

C H 2 C H 2 ( C F 2 ) 4 F  
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Equilibration  of  the  fluorohexylmethyl/silicone  hydrolyzate  (II)  with  hexamethyldisiloxane  and 
trifluoromethasulphonic  acid  as  a  catalyst,  produces  a  stable  trimethyl  end-blocked,  fluorinated  siloxane 
thus: 

70 

C F 3 S 0 3 H  
(Me  Si)  0+nHO(Ne  SiO)  (MeSiO)  H 

<l,  x  j  y  
C H 2 C H 2 ( C F 2 ) 4 F  

Me  SiO[  (Me  SiO)  (MeSiO)  ]  S i M e _  
•5  x  |  y  n  j  

C H 2 C H 2 ( C F 2 ) 4 F  
E q u a t i o n   2 

75 

20 

One  of  the  preferred  fluoro-hexylalkyl  functional  polysiloxanes  is  the  compound  of  the  formula  Me3SiO[- 
(Me2SiO)o.2(MeR'SiO)0.8]7SiMe3  in  which  Me  represents  the  methyl  group. 

While  it  is  possible  to  employ  various  materials  for  example  silica  gel,  starch,  poly-methacrylic  acid  and 
phenolformaldehyde  solids  as  the  finely  divided  solid  in  the  insulating  fluid,  the  finely  divided  solid  most 
preferred  in  accordance  with  the  present  invention  is  poly(acenequinone) 

25 

hereinafter  referrred  to  as  PAQR.  PAQR  is  a  black  polymeric  solid  and  a  range  of  thermally  and 
environmentally  stable  poly(acenequinones)  is  commercially  available,  with  conductivities  varying  from  10_+ 

30  to  10-11  Scm-1.  The  preferred  PAQR  powder  has  a  density  of  about  1.4g/ml.  The  PAQR  should  have  a 
particle  size  of  between  one  and  fifty  microns  in  order  to  facilitate  the  dispersibility  of  the  particles  in  the 
insulating  fluid,  preferably  less  than  about  twenty  microns  in  diameter.  The  finely  divided  PAQR  may  be 
present  in  the  electrorheological  fluid  in  an  amount  of  from  20  to  60  percent,  preferably  about  thirty  percent 
on  a  volume/volume  proportion. 

35  Electrorheological  fluids  according  to  the  invention  demonstrate  current  densities  at  3  kV  many  times 
lower  than  the  current  densities  of  the  order  of  300  and  250  nAcm-2  at  3kV,  demonstrated  by  fluids 
comprising  chlorinated  paraffin  and  PAQR  or  3,3,3-trifluoropropylsiloxane  and  PAQR. 

Following  is  an  example  illustrating  a  method  of  making  fluorohexylalkyl  functional  polysiloxanes 
suitable  for  use  in  the  present  invention. 

40 
Example  I 

Into  a  reaction  flask  there  was  mixed  538.1  grams  of  the  fluorohexylmethyl  silicone  hydrolyzate  (II) 
shown  above  in  Equations  (1)  and  (2)  and  61.9  grams  of  hexamethyldisiloxane.  A  nitrogen  blanket  was 

45  applied  and  the  flask  was  heated  to  70  °  C.  To  the  flask  was  added  0.35  millilitres  of  trifluoromethane 
sulfonic  acid  and  sixty  microlitres  of  water.  Heating  at  68  to  70  °  C  was  maintained  for  five  hours.  Three 
millilitres  of  dimethylformamide  was  added  and  heating  was  maintained  for  an  additional  hour.  The  flask 
was  cooled  to  below  30  °  C  and  7.5  grams  of  sodium  hydrogen  carbonate  was  added  and  the  contents  of 
the  flask  were  stirred  for  ten  minutes.  The  flask  contents  were  filtered  through  DICALITE  and  stripped  for 

50  twenty  minutes.  The  product  was  a  water  white  fluid  having  a  viscosity  of  24  centipoise  measured  at  155 
sec-1  and  25  °  C.  The  product  was  identified  as 

Me3SiO  (Me2SiO)  (MeSiO)  2 S i M e 3  
^ H 2 C H 2 ( C F 2 ) 4 F  
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in  which  Me  is  methyl. 
The  advantage  provided  by  the  use  of  the  fluorohexylalkyl  functional  polysiloxanes  of  this  invention  was 

verified  by  testing  four  silicone  fluids  including  a  fluid  of  the  present  invention.  The  fluids  tested  were  a 
polydimethylsiloxane  identified  below  as  Compound  "C",  a  fluorohexyl  functional  polysiloxane  identified 

5  below  as  Compound  "B",  a  trifluoropropyl  functional  polysiloxane  identified  below  as  Compound  "A",  and  a 
cyanofunctional  polysiloxane  identified  below  as  Compound  "D".  Each  of  the  fluids  tested  contained  a 
dispersion  of  a  polymeric  semiconducting  solid  and  were  measured  for  (i)  static  yield  stress  which  is  a 
measurement  of  the  rheoelectrical  capability  of  a  liquid/solid  dispersion,  and  (ii)  current  demand  which  is 
the  power  required  to  produce  a  rheoelectrical  effect.  It  was  found  that  the  perfluorohexyl  functional  siloxane 

io  system  of  the  present  invention  required  significantly  less  power  to  produce  a  rheoelectrical  effect  than  any 
of  the  other  comparative  systems. 

The  fluids  tested  are  shown  below: 
(a)  Compound  A 

Structure  : 
15 

M e - S i O ( M e S i O )   r  ^ S i M e 0  J  |  6 .6   3 
CH2CH2CF3 

20 
Viscosity  :  30mm2/sec 
Density  :  1  .20g/ml 

(b)  Compound  B 
Structure  : 

25 

M e 3 S i O [ M e 2 S i O ) 0 > 2 ( M e S i O ) 0 _ 8 ] 7 > 0 S i M e 3  

C H 2 C H 2 ( C F 2 ) 4 F  
30 

Viscosity  :  30mm2/sec 
Density  :  1  .40g/ml 

(c)  Compound  C 
35  Structure  :  Polydimethylsiloxane 

Viscosity  :  350mm2/sec 
Density  :  1  .Og/ml 

(d)  Compound  D 
Structure  : 

40 

(MeSiO)  n  

(CH2)  3CN 

45 
Viscosity  :  3500mm2/sec 
Density  :  1  .Og.ml 

Static  yield  stresses  and  current  demand  were  measured  on  an  apparatus  in  which  a  fluid  sample  (2ml) 
was  placed  in  the  bottom  section  of  a  split  copper  cell.  The  top  section  of  the  cell  was  brought  into  contact 

50  with  the  fluid  and  a  d.c.  field  was  applied  across  the  cell  (distance  across  fluid  =  1mm).  The  top  section 
was  connected  to  a  micrometer  and  strain  gauge  and  a  force  was  applied  using  the  micrometer,  until  the 
top  section  moved.  This  force  was  the  static  yield  stress  and  was  recorded  at  different  applied  fields.  The 
current  passed  was  measured  using  an  ammeter  and  converted  to  current  density,  nAcm-2. 

For  the  purpose  of  these  measurements,  the  PAQR  was  dispersed  in  a  30%  v/v  proportion,  into  each 
55  sample.  Static  yield  stress  and  current  demand  are  directly  proportional  to  the  percent  volume  of  dispersed 

polymer  and  the  applied  field. 
Static  yield  stress  (o)  is  the  shear  stress  required  to  induce  flow  in  a  material.  An  electrorheological 

fluid,  when  subjected  to  high  field,  is  transformed  from  a  fluid  to  a  Bingham  type  material  with  shear  stress 

4 
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under  both  zero  and  finite  shear  rates.  Static  yield  stress,  therefore,  is  a  measure  of  the  extent  to  which  a 
liquid/solid  system  exhibits  an  electrorheological  effect. 

Of  the  four  fluids  tested  only  the  cyanofunctional  fluid  "D'VPAQR  failed  to  show  any  measurable  static 
yield  stress  (±200  Pa)  up  to  a  field  of  2.4  kVmm-1. 

5  Compound  "C7PAQR  showed  the  least  effect  of  the  remaining  three  fluids  with  a  static  yield  stress  of 
only  1.1  kPa  at  3.2kVmm_1.  The  increase  in  static  yield  stress  with  field  for  "C"  was  less  rapid  than  with  the 
fluorinated  siloxanes  "A"  and  "B".  "B'VPAQR  AND  "A'VPAQR  had  similar  static  yield  stress/field  curves 
each  with  a  value  of  over  2  kPa  at  3.2  kVmm-1.  The  fluorinated  siloxanes  "A"  and  "B"  therefore,  are  twice 
as  efficient  as  "C".  The  static  yield  stresses  mirror  the  dielectric  constants  of  the  fluids  and  approximate 

io  values  are  given  below. 

Fluid  Dielectric  Constant 

PDMS  3 
Fluorinated  siloxanes  6  -  7 

Chlorinated  paraffin/PAQR  has  a  current  density  of  over  300  u.Acm-2,  at  3kV,  "C7PAQR  was  better  at 
240  uAcrn-2  and  similar  to  the  trifluoropropyl  functional  siloxane  system  "A'VPAQR  with  a  density  of  260 
M-Acm-2.  At  these  high  levels  of  insulation,  these  difference  were  negligible.  The  fluorohexyl  functional  fluid 
system  "B'VPAQR,  however,  had  a  current  density  at  3kV,  seventeen  times  lower  than  the  other  fluid 
systems,  17  times  lower  than  "A'VPAQR  and  "C'VPAQR  and  more  than  20  times  lower  than  chlorinated 
paraffin/PAQR. 

Currently  accepted  theories  on  current  demand  do  not  explain  lower  current  density.  Two  possible 
reasons  for  current  demand  in  dry  fluids  are  believed  to  be  that  electron-hole  migration  involving  light 
charge  carriers  tunnels  between  the  fluids'  particles.  This  should  occur  to  a  lesser  extent  using  a  fluorohexyl 
functional  siloxane  due  to  its  high  density  (closer  packing  of  particles).  The  second  possible  explanation  is 
believed  to  be  that  a  fluid  under  field  is  more  ordered  than  in  the  absence  of  a  field  and  hence  entropy  is 
lowered.  Maintaining  order  against  thermal  disordering  requires  work  to  be  performed  and  hence  power  to 
be  drawn.  Use  of  a  fluorohexyl  functional  siloxane  base  fluid  results  in  either  the  system  being  less  ordered 
under  field  (a  situation  reflected  in  a  low  static  yield  stress),  or  less  work  is  required  to  maintain  ordering. 

The  improved  static  yield  stress  and  low  current  demand  of  "B'VPAQR  fluid  systems,  combined  with  its 
high  density  indicates  that  fluorohexyl  functional  siloxanes  are  superior  as  base  fluids  in  electrorheology. 

Claims 

1.  An  electrorheological  fluid  comprising  a  suspension  of  a  finely  divided  solid  in  an  insulating  fluid 
comprising  a  polysiloxane  having  at  least  one  siloxane  unit  having  a  silicon-bonded  fluorohexylalkyl 
group. 

2.  A  fluid  according  to  Claim  1  in  which  the  polysiloxane  has  a  density  of  at  least  1.40  g/ml. 

3.  A  fluid  according  either  one  of  Claims  1  and  2  in  which  the  polysiloxane  has  a  viscosity  not  in  excess 
of  about  thirty  centistokes  measured  at  25  °  C. 

4.  A  fluid  according  to  any  one  of  the  preceding  Claims  in  which  the  polysiloxane  is  of  the  general  formula 

50 

R o S i 0 [   (R  SiO)  (RSiO)  ]  S i R 0  3  LV2  '  x  |  yyJn  3 
C H 2 C H 2 ( C F 2 ) 4 F  

in  which  R  is  an  alkyl  group  having  one  to  six  carbon  atoms;  x  has  a  value  of  0  to  0.5;  y  has  a  value  of 
1  -  x  and  n  has  a  value  of  3  to  10. 

55 5.  A  fluid  according  to  any  one  of  the  preceding  Claims  in  which  the  polysiloxane  is  a  polymethylsiloxane. 

6.  A  fluid  according  to  Claim  4  in  which  the  fluorohexylalkyl  functional  polysiloxane  has  the  formula 

5 
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Me3SiO[  (Me2SiO)  Q>2  ( M e S i O ) Q _ 8 ] 7 S i M e 3  

^ H 2 C H 2 ( C F 2 > 4 F  

in  which  Me  is  methyl. 

A  fluid  according  to  Claim  1  in  which  the  finely  divided  solid  is  poly(acenequinone). 

A  fluid  according  to  Claim  7  in  which  the  finely  divided  solid  poly(acenequinone)  has  a  particle  size  of 
less  than  about  twenty  microns  in  diameter. 

A  fluid  according  to  Claim  7  in  which  the  finely  divided  solid  poly(acenequinone)  is  present  in  the 
electrorheological  fluid  in  an  amount  of  about  30%  by  volume. 
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