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A s e r i e s  o f  n e w  a m p h o t e r i c  surfactants ,  having  a qua- 
t ernary  a m m o n i u m  group and a phosphor ic  acid 
group, 2-(N-alkyl-N,N- d i m e t h y l a m m o n i o ) e t h y l  hydro- 
gen  p h o s p h a t e s  (alkyl:  dodecyl ,  te tradecyl ,  hexadec -  
yl ) ,  w e r e  prepared  by in troduc ing  a phosphor i c  acid 
group into  N-alkyl -N,N-dimethyl- (N-2-hydroxyethyl )  
a m m o n i u m i o d i d e ,  f o l l o w e d  by neutra l i za t i on  wi th  so- 
d ium hydrox ide  and remova l  o f  inorganic  salts .  By the  
eva luat ion  o f  the  p h y s i c o c h e m i c a l  propert ies ,  it w a s  
found  that  the  p h o s p h o b e t a i n e s  behave  l ike  "nonio- 
nic" sur fac tant  in the  zwi t ter ion ic  region,  hav ing  very  
smal l  CMC v a l u e s  in c o m p a r i s o n  wi th  s o d i u m  2-(N- 
a lky l -N-methy lamino)e thy l  hydrogen  p h o s p h a t e s .  Ad- 
dit ional ly ,  s imi lar  t rends  w e r e  a l so  o b s e r v e d  in the  
e x p e r i m e n t s  f rom the  po int  o f  the  e f f e c t  o f  e l ec tro ly te  
and t e m p e r a t u r e  on  CMC, respect ive ly .  It shou ld  be 
c o n s i d e r e d  that  the  hydrophobic i ty  o f  the  sur fac tant  
m o l e c u l e  is  i n c r e a s e d  by the  e l ec tron ic  in terac t ion  be- 
t w e e n  the  quaternary  a m m o n i u m  group and a phos-  
phoric  acid group. On the  o ther  hand,  the  phosphobe -  
t a i n e s  gave t h e  sma l l er  v a l u e s  o f  the  occup ied  area  per  
m o l e c u l e  at  the  a i r / w a t e r  in ter face  than  s o d i u m  2-(N- 
a lky l -N-methy lamino)e thy l  hydrogen  p h o s p h a t e s .  
Therefore ,  it i s  c lear  that  the  p h o s p h o b e t a l n e s  have  
h igher  surface-act ive  proper t i e s  than  the  a m p h o t e r i c  
surfactants .  

The amphoter ic  surfactants ,  which consist of a quater-  
nary  ammonium group and an anionic group in each 
molecule, exist as zwitterions over a certain broad pH 
range in their  aqueous solution. It is known tha t  N-alkyl- 
N,N-dimethyl glycines (1), 3-(N-alkyl-N,N-dimethylam- 
monio )p ropane  sulfonates (2) are amphoter ic  surfac- 
tants.  

Phosphatidylcholine, a typical na tura l  occurring phos- 
pholipid, contains a phosphoryl  choline group having a 
qua te rnary  ammon i um  group and a phosphoric  acid 
group: these groups form a zwitterionic structure.  

On the other  hand, m a n y  synthetic phosphol ip ids- - for  
example,  alkylphosphorylcholines (3), 1-alkyl-2-methyl- 
glycero-3- phosphochol ines  (4), 2-(N-dialkyl-N-methyl- 
ammonio)e thyl  sodium phospha tes  (5), 3-(N-alkyl-N,N- 
d imethy lammonio)propane  ethyl phosphona tes  (6) and 
3-(N-alkyl-N,N-dimethylammonio)propane phenyl phos- 
phonates  (7 ) - -have  been studied from various points of 
view. 

In a previous pape r  (8), we described the prepara t ion  
and the basic physicochemical proper t ies  of sodium 2-(N- 
alkyl-N- methylamino)e thyl  hydrogen phosphates .  The 
most  impor tan t  features  of these amphoter ic  surfac tants  
are tha t  they exhibit zwitterionic characteris t ics  in the 
pH range from ca. 5-9, and tha t  they demons t ra t e  good 
surface-active proper t ies  over awide  pH range (pH 4--10) 
because they have a ter t iary  amino group and a phos- 
phoric acid group with a long-chained alkyl group in each 
molecule. 

In this paper ,  for the purpose  of the development  of the 
phospha te  type of amphoter ic  surfactants ,  we described 
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SCHEME 1. Preparation of 2-(N-alkyl-N,N-dimethylammonio) 
ethyl hydrogen phosphates. 

the syntheses and the physicochemical  propert ies  of a 
series of new phosphobetaines:  2-(N-alkyl-N,N-dimethyl- 
ammonio)e thyl  hydrogen phospha tes  (alkyl: dodecyl, te- 
tradecyl, hexadecyl; I in Scheme 1). These phosphobe-  
taines have two points of s t ructura l  characteristics.  First, 
they have a single long-chained alkyl group as a hydro- 
phobic moiety, which differ entirely from the dialkyl com- 
pounds  developed by Okahata  (5). Secondly, they have a 
qua te rnary  nitrogen adjacent  to the hydrophobic moiety 
and a phosphoric  acid group at the terminus  of the hy- 
drophilic part ,  respectively, which differ from the gener- 
ally known phospholipids. The main purposes  of this 
s tudy were to investigate the physicochemical  proper t ies  
shown by the aqueous solution of these new phosphobe-  
t a ines - - such  as pKa value, surface tension, critical mi- 
celle solution (CMC), occupied area  per  molecule at  the 
a i r /wa te r  interface (A value) and free energy change of 
micel l izat ion--and to compare  these da ta  with the cor- 
responding sodium 2-(N-alkyl-N-methylamino)ethyl hy- 
drogen phophates .  

EXPERIMENTAL METHODS 

Analytical da ta  for p rocedure - - fo r  example,  IR, NMR, 
thin-layer and column chromatographs ,  and elemental  
ana lyses- -were  per formed as previously described (8). 
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In this study, the following abbreviations are used: 
DMEP for (N-alkyl-N,N-dimethylammonio)ethyl hydro- 
gen phosphate;  the notations,  C12-, C~4- and C16- in front  of 
the abbreviations denote  the carbon numbers,  12, 14 and 
16 in alkyl chain, respectively. For example,  C12-DMEP 
represents  2- (N- dodecyl-N,N- dimethylammonio)  ethyl 
hydrogen phosphate .  

Synthesis of 2-(N-dodecyl-N,N-dimethylammonio) 
ethyl hydrogen phosphate (C12-DMEP). C12-DMEP was 
synthesized f rom N-dodecyl- N,N-dimethyl-(N-2-hydrox- 
yethyl)ammoniumiodide (DDMHA, m.p. 143~ as shown 
in Scheme 1. DDMHA (19.25 g, 0.05 mole), distilled wa te r  
(0.9 g, 0.05 mole) and diphosphorous  pentaoxide  (9.94 g, 
0.07 mole) were mixed in te t rahydrofuran  (300 ml) and 
stirred until a clear solution was obtained. The solution 
was then refluxed for 8 hr with stirring. The reaction 
mixture  was cooled to room tempera ture ,  water  (3.4 g, 
0.19 mole) was added, and the mixture  was stirred for 30 
min. NaOH (5.6 g, 0.14 mole) was then added, followed by 
stirring for 20 min. After evaporat ion of the solvent f rom 
the reaction mixture,  the residue was dissolved in 50 ml of 
water,  followed by the per formance  of the ion-exchanger 
gel column ch roma tog raphy  by mixed bed resins (AG501- 
X8(D), Bio-Rad Laboratories)  with a water  eluent for the 
purpose  of removing ionic impurities. The colorless eluent 
was dried to give crude C12-DMEP by using a freeze dryer. 
In order  to purify, the crude p roduc t  was applied to silica 
gel column ch romatography  using e thanol-water  (1:1, v /  
v) as an eluent resulting in 3.9 g of C12-DMEP. The com- 
pound showed one spot on TLC, yield 20%; IR: 3452, 2925, 
1464, 1379, 1180, 1080, 974, 926, 748 cm-~; 1H-NMR 
(CD3OD; 8): 0.87 (3H, t, CH3(CH2) il-), 1.28--1.80 (22H, m, 
CH3(CH2) l l - ) ,  3.18 (6H, s, N(CH3)2), 3.45 (2H, t, CH2N), 
3.63 (2H, t, CH20), 4.29 (1H, s, OH); 13C-NMR (CD30~,, 8): 
14.44 (CH3), 23.65 (CH2), 27.35 (CH2), 30.24--30.72 (CH2), 
32.99 (CH2), 52.11 (N(CH3)2), 59.92 (NCH2), 66.91 (CH20); 
analysis calculated for C16H36N104PI: C,56.95; H,10.75; 
N,4.15. Found: C,57.03; H,10.72; N,4.10. 

Other DMEP homologues, C14-DMEP and C16-DMEP, 
were p repa red  by similar procedures  and showed one 
spot  on TLC; yields and analytical da ta  are as follows: 

CI4-DMEP; IR: 3453, 2925, 1465, 1378, 1180, 1080, 974, 
926,748 cm-1; 1H-NMR (CDaOD, 8): 0.88 (3H, t, CH__~3(CH2)I3_ 
), 1.28--1.79 (26H, m, CHa(CH2)la_), 3.17 (6H, s, 
N(CH3)CH2), 3.44 (2H, t, CH2N), 3.62 92H, t, CH20), 4.26 
(1H, s, OH); 13C-NMR (CD3OD, 8): 14.34 (CH3) , 23-~4 (CH2), 
27.29 (CH2), 30.13--30.60 (CH2), 32.88 (CH2), 52.10 
(N(CH2)2), 59.84 (NCH2), 67.04 (CH20); analysis calculat- 
ed for C18H40NIO4P1 �9 H20: C,56.37; H,11.04; N, 3.65. Found: 
C,55.57; H,10.56; N,3.45. 

C16-DMEP; IR: 3452, 2924, 1464, 1378, 1180, 1080, 974, 
926, 748 cm-~; IH-NMR (CD3OD, 5): 0.89 (3H, t, CH3CH2) 
15-), 1.29--1.80 (30H, m, CH3(CH2)I5_), 3.19 (6---H, s, 
N(CH3)2), 3.44 (2H, t, CH2N), 3.65 (2H, t, CH20), 4.28 (1H, 
s, OH);_ 13C-NMR (CD3OD, 8): 14.21 (CH3)~23.50 (CH2), 
27.24 (CH2) 30.06--33.53 (CH2), 32.82 (CH2), 52.07 
(N(CH3)2), 59.72 (NCH2), 66.94 (CH20); analysis calculat- 
ed for C20H44NIO4Pl: C,61.04; H,11.27; N,3.56. Found: 
C,61.00; H,11.30; N,3.60. 

Measurements of physicochemical properties. The pKa 
values were determined in water  at  20~ according to the 
potent iometr ic  method.  The Krafft  point  and other  sur- 
face active proper t ies  of aqueous solution of those phos- 
phobetaines  were measured  by a previously repor ted  

method (8). The pH of aqueous solutions was adjusted by 
the addition of hydrochloric acid or sodium hydroxide. 

RESULTS A N D  D I S C U S S I O N  

DMEP-homologues in this s tudy were all white crystals 
and hygroscopic. Their Krafft points were below zero, as 
were those of sodium 2-(N-alkyl-N-methylamino)ethyl 
hydrogen phospha tes  (MEP) (8), and they are readily sol- 
uble in water  at  room tempera ture .  The pH values of these 
aqueous solutions (0.1 wt%) were 5.5--5.8 at 20~ These 
are lower than MEP-homologues, because DMEP- 
homologues have a qua te rnary  ammonium group instead 
of a ter t iary  amino group. The compounds  are soluble in 
ethanol  and methanol  but almost  insoluble in acetone 
and benzene. 

The results of potent iometr ic  t i t rat ions are shown in 
Table 1. The differential curves indicate two minima, 
which are due to the formation of cation (ammonioethyl  
dihydrogen phospha te )  by protonat ion to phospha te  
group and to the formation of anion (ammonioethyl  sodi- 
um phospha te )  by deprotonat ion of phospha te  group. 
The two minima of those curves correspond to pK1 
(4.8~4.9)and pK2 (9.3--9.4). The isoelectric points of 
DMEP-homologues occurred at  pH 7.0--7.1. Thus, it is 
clear tha t  DMEP-homologues exist in three  ionic forms, 
depending upon the pH values of aqueous solutions. 
These forms are shown in the following equilibrium. 

CH~ 0 I(, CH3 0 K= CIl3 0 
+ I  I , + I  li �9 ~.I I 
l~l~l~POll I~CIt~l~oll I~CIk.~l~ - 

I I I I I I 
Clt3 OH CH3 0-  Clt3 0"  

(Cation) (]~i t ter iov)  (Anion) 

The cationic s t ruc ture  is formed predominant ly  in 
acidic solution of pH below 4.8. The zwitterion exists in 
the range o f p H  ca. 4.8--9.3. The anionic form presents  in 
alkaline solution of pH above 9.3. Therefore, DMEP is con- 
sidered to be a zwitterion in the range of pH 4.8~9.3. 

In order  to assess the surface-active p roper ty  of these 
compounds,  the surface tensions of their  aqueous solu- 
tions were measured.  The formations of micelles were 
demons t ra ted  by the presence of break points in the sur- 
face tension-log concentra t ion plots for aqueous solu- 
tions of DMEP-homologues at  pH 5.5 (Fig. 1). It  can be 
seen tha t  all compounds  reduce the surface tension of 
water  and the effects of the length of the alkyl chain upon 
the surface activity is clear. Their CMC and 7CMC values 
are summarized  in Table 2. The CMC values of DMEP- 
homologues were found to be much  smaller than corres- 
ponding MEP-homologues (8). This means  tha t  the zwit- 

T A B L E  1 

Isoe lec tr ic  Points  o f  S u r f a c t a n t s  a 

S u r f a c t a n t  p k  I p K  2 p K  3 p H I  l p H I  2 

CI2-DMEP 4 .9  9 .4  - -  7.2 - -  
CI4-DMEP 4.7  9 .3  - -  7 .0  - -  
CI6-DMEP 4 .8  9 .4  - -  7.1 - -  
CI2-MEP b 4 .7  8 .8  9 .4  6 .8  9.1 

a M e a s u r e d  in  w a t e r  + e t h y l  a l c o h o l  (1:1 ,  v / v )  a t  20~ 
h R e f e r e n c e  8. 
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alkyl chain. 

TABLE 2 

Interfacial  Properties of  Surfactants 

CMC ~ cmc A X 102 
Surfactant mmole/1 (~ dyne/cm nm 2 

CIeDMEP 0.050 (25) 41,0 31.7 
C[4DMEP 0.045 (25) 38.5 51.4 
CI6DMEP 0.040 (25) 36,5 76.1 
C12MEP a 0.36 (25) 39.2 51.4 
CI4MEP a 0.20 (25) 38.0 59.3 
C16MEP a 0.10 (25) 37,0 79.4 
N-dodecyl-fl-alanine b 0.9 (30) 35 45 
Sodium dodecyl sulfater 7.2 (20) 35.0 40 

aReference 8. 
bReference 12. 
r 11. 

t e r ions  o f  DMEP-homologues  b e a r  m u c h  r e s e m b l a n c e  to  
non ion ic  s u r f a c t a n t  in c o m p a r i s o n  wi th  t h o s e  of  MEP- 
homologuges .  I t  shou ld  be c o n s i d e r e d  t h a t  t he  h y d r o p h o -  
b ic i ty  (9)  of  th is  p h o s p h o b e t a i n e  molecu le  is i n c r e a s e d  in 
the  zwi t t e r ion ic  region owing to the  e l ec t ron ic  i n t e r a c t i o n  
be tween  t h e  q u a t e r n a r y  a m m o n i u m  g r o u p  a n d  the  phos -  
pho r i c  ac id  group.  The  d i f fe rence  of  t he  CMC va lues  be- 
t w e e n  DMEP a n d  MEP ind ica t e s  t h a t  t he  i n t e r a c t i o n  in 
DMEP molecu le  is s t r o n g e r  t h a n  in MEP. 

The  longer  t he  alkyl  chain ,  t he  lower  t he  CMC va lues  
f rom 0.05 mmole /1  to  0.04 m m o l e / 1 ,  This t r e n d  agrees  
wi th  T raube ' s  rule. The r e l a t ion  of  l o g a r i t h m  of  t he  CMC 
va lues  aga in s t  t h e  c a r b o n  n u m b e r  (N) o f  i ts alkyl cha in  in 
F igure  2 gave the  fol lowing equa t ion :  

Log(CMC) = -4  - 0.025N. 

E 
r  

E 
, ,C 

L. 
11 

0 
- - I  

- 4 . 2  

- 4 . 3  

- 4 . 4  

- 4 . 5  

SYNTHESES OF HYDROGEN PHOSPHATES AND PROPERTIES 

| ,  I I 

Carbon number  of a lky l  chain 

FIG. 2. Plots of  logarithm of  CMC against  carbon number of  

42.5 

35 

E 
t )  

o 40 
E 
U 

c- 

O 

"7~ 
r 

372 
U 
IV 

, I , t m]  

12 14 16 

C a r b o n  n u m b e r  of a lky l  chain 

100 A 

e- 

80 u 
E 
U 

U 

6O ~ 
E 

qJ 

4O "r, 
U 

0 

20 

FIG. 3. Plots of  surface tension (O)  and occupied area per mole- 
cule at the  air-water interface ( • )against  carbon number ofa lkyl  
chain. 

It  is i n t e r e s t i ng  to  no te  t h a t  t he  va lue  of  th is  s lope  m e a n s  
t h a t  t he  d e p e n d e n c y  of  c a r b o n  n u m b e r  of  alkyl  cha in  
u p o n  CMC is smal l  in c o m p a r i s o n  wi th  MEP-homologues ,  
which  a re  sma l l e r  t h a n  o t h e r  a m p h o t e r i c  s u r f a c t a n t s  
(10).  

F igu re  3 s h o w e d  the  l inea r  d e c r e a s e  in su r f ace  t ens ion  
a t  t h e  CMC as t he  alkyl  cha in  length  is inc reased .  C16- 
DMEP s h o w e d  a m i n i m u m  su r f a c e  t ens ion  of  36.5 d y n e /  
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FIG. 4. Effect  of  e lectrolyte  (NaCI)  on CMC value of  CI4-DMEP. 

cm, which is the same with that  of sodium dodecyl sulfate 
( 11 ) and N-dodecyl-fl-alanine (12). 

The occupied areas per molecule at the air /water  inter- 
face (A value) were 31.7 • l0 -2 nm 2 for C12-DMEP, 51.4 • 
10 -2 nm 2 for C]4-DMEP and 76.1 • 10 -2 nme for C16-DMEP 
(Table 2), which was estimated by applying the Gibb's 
adsorption equation to the straight line immediately 
prior to the CMC as in the case of our previous study (8). 
These values increase linearly with the increase of alkyl 
chain length (Fig. 3). It should be noted that  this trend is 
the same in the case of MEP-homologues. However, it is 
interesting that  these values for DMEP-homologues are 
smaller than those of corresponding MEP-homologues. 
This difference between them implies that  DMEP mole- 
cule adsorbs stronger at the air /water  interface by hydro- 
phobic effect (9) than the MEP molecule. This behavior 
should account  for the strong effect of an electronic neu- 
tralization by the quaternary  ammonium group upon the 
negative charge of the phosphoric acid group in the 
DMEP molecule in comparison with the MEP molecule 
having a tert iary amino group and a phosphoric acid 
group. 

Additionally, it is clear that  A value of CI2-DMEP is 
smaller than those of N-dodecyl-fl-alanine (12) and sodi- 
um dodecyl sulfate (11). 

The effect of electrolyte (NaCl) on CMC values of C14- 
DMEP in aqueous solutions (pH 5.5) is shown in Figure 4. 
The logarithm in the CMC decreases linearly with increas- 
ing concentrat ion of NaC1 as is the case with nonionic 
surfactants, whereas for ionic surfactants the logarithm 
of the CMC decreases linearly with the logarithm of con- 
centration of NaCl (13,14). The behavior may be ex- 
plained by the zwitterionic proper ty  of C]4-DMEP in the 
isoelectric region where ionic charges are neutralized in a 
molecule and the surfactant  considered to be nonionic. 
Mukerjee (15) showed that  the influence of added elec- 
trolyte on the CMC of nonionic association colloids in 
aqueous solution could be understood in terms of salting- 
out and salting-in equilibria. 

The effect of pH on surface tension of C14-DMEP is 
shown in Figure 5. No specific change was observed over 
a wide pH range (2--10) at the concentrat ion above the 
CMC, while the surface tension of the amino acid type 
surfactant  was dependent upon pH (16). C14-DMEP has 
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an excellent surface tension lowering ability within an 
extremely narrow zone. Even in acidic (pH 2) or alkaline 
(pH 10) solutions the surface tension lowering ability 
changed little in comparison with the pH behavior of 
MEP. Thus, it can be seen that  on the surface tension 
lowering ability of DMEP, the sensitivity to pH  is lower 
than is MEP. 

In order to characterize the micellization process at 
several pH values, the effects of temperature  on CMC 
value of C14-DMEP under acidic (pH 2.0), neutral (pH 6.0) 
and basic (pH 11.0) conditions, are shown in Figure 6. The 
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TABLE 3 

Foaming Power and Foam Stabil i ty  o f  Surfactants  

Surfactamt 

Foam height (mm) 

Immediately after the After Foam 
test solution was standing for stability 

dropped (A) 5 min (B) B/A 

CI2-DMEP 205 190 0.92 
CI4-DMEP 155 140 0.90 
CL6-DMEP 90 80 0.89 
CI2-MEP a 250 235 0.94 
Sodium dedocanoate 255 243 0.94 

aReference 8. 

changes  of  free ene rgy  of  mice l l iza t ion  (10,17) 5G~ 
were  c a l c u l a t e d  f rom the  fol lowing equa t ion :  

tiG'cmc = 2.303 RT (log(CMC) - log w) 

w h e r e  w is t he  m o l a r  c o n c e n t r a t i o n  of  water .  
A t  pH 6 the  CMC d e c r e a s e d  wi th  t he  inc reas ing  t e m p e r -  

a t u r e  a s  in t h e  ca se  of  non ion ic  s u r f a c t a n t  (18)  a n d  
8G~ was  5.7 Kca l /mol .  At  pH 11 the  CMC i n c r e a s e d  
wi th  t he  i nc rea s ing  t e m p e r a t u r e  a n d  ~G~ was  -19.0 
Kca l /mol .  On the  o t h e r  hand ,  a t  pH 2 the  CMC is unaf fec t -  
ed  by a change  in t e m p e r a t u r e .  

We s t u d i e d  t h e  foaming  p r o p e r t i e s  of  s u r f a c t a n t s  in 
r e fe rence  to  p e r f o r m a n c e  p rope r t i e s .  As shown  in Table 3, 
t h e  foaming  p r o p e r t i e s  of  C12-DMEP a re  s o m e w h a t  infe- 
r io r  to  t hose  of  C~2-MEP, whose  foaming  p o w e r  a n d  foam 
s tab i l i ty  a r e  a l m o s t  t h e  s a m e  as  s o d i u m  d o d e c a n o a t e  
( soap) .  This shows  t h a t  ionic p r o p e r t y  of  Clz-MEP is 
s t r o n g e r  t h a n  t h a t  of  C~2-DMEP. This p h e n o m e n o n  seems  
to be e x p l a i n e d  by the  e lec t r ic  doub le  layer  t h e o r y  
(19,20). 

In  conc lus ion ,  it  was  s h o w n  t h a t  t he  p h o s p h o b e t a i n e s  
deve loped  in th is  s tudy ,  2- (N-a lkyl -N,N-dimethylam-  
m o n i o ) e t h y l  h y d r o g e n  p h o s p h a t e s ,  differ  f u n d a m e n t a l l y  
f rom 2-(N-alkyl-N- m e t h y l a m i n o ) e t h y l  h y d r o g e n  phos -  
p h a t e s  (8)  a n d  t h a t  t h e  su r f ace -ac t ive  p r o p e r t i e s  of  t he  

f o r m e r  were  m u c h  b e t t e r  t h a n  those  of  t he  la t te r ,  b e c a u s e  
o f  t h e i r  i n c r e a s e d  h y d r o p h o b i c i t y  by the  e l ec t ron ic  in ter -  
ac t ion  be tw e e n  the  posi t ive  c h a n g e  a n d  the  nega t ive  
cha rge  in t he  zwi t te r ion ic  region.  

More de t a i l ed  d i scuss ions  on the  r e l a t ion  be tween  the  
p h y s i c o c h e m i c a l  p r o p e r t i e s  a n d  the  s t r u c t u r a l  c h a r a c -  
t e r i s t i cs  of  these  p h o s p h o b e t a i n e s  will be p r e s e n t e d  in 
f u t u r e  p a p e r s  desc r ib ing  o t h e r  aua logues .  
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