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Synopsis

New methods have been developed for the computer which allow viscosimetric data elabora-
tion. Two methods evaluate the intrinsic viscosity, the Huggins or the Kraemer constant, the
molecular weight, and their confidence limits according the Student’s t-distribution starting
from the simplest viscosimetric data. The kinetic energy influence is considered. Another
method is used when the Huggins constant is known.

INTRODUCTION

The viscosity of dilute solutions is very often used for measuring polymer
molecular weights because the experiments are simple and reliable. The
graphic elaboration of the experimental data according to Huggins! or
Kraemer? for obtaining the intrinsic viscosity, from which through the Mark-
Houwink relationships®#4 molecular weights are evaluated, is quite tedious
and subject to errors. Computer programs have already been prepared for
accelerating and improving the treatment of data,>® however, these programs
made use of simplified formulas and partially elaborated data.

In this paper, we present programs which evaluate the intrinsic viscosity,
the Huggins (or Kraemer) constant, the molecular weight, and their confi-
dence limits according to the Student’s ¢-distribution starting from the sim-
plest viscosimetric data such as the polymer weight, the solvent volume, and
the solvent and solution efflux times.

GENERAL RELATIONSHIPS

The specific viscosity 7., and the relative viscosity 7,e; are so defined?-!1
considering the kinetic energy influence!213:

K
pt t2

Nsp = Nret — 1 = Ds L K -1 (1)
1-—
%

where p, and p are the solvent and solution densities, ¢, and ¢ are the efflux
2583
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1* DIRENSION V(10001 eX(L0O0N)sY (1000} o TITLECI3)eANIC(LINI ¢ VOLSOLC1000) W
2e 1ESOL(1000)+ROSOLUCI000)sCC L1000
3 63 READ(S¢80)IMN
(14 B0 FORMAT(I3)
Se DOt63 II=tL.MN
b READ{S¢60) (TITLE(J)eJ=1s13)
Te WRITECOISNUITITLE(S) vd=te D)
8e 60 FORMAT(13A4)
9 59 FORMAT{1H1+2Xe13A6)
10+ READ(Ss2) (ANIC(K) o K=1962¢IPERC
11» 2 FORMAT(6F10.30110)
12+ READ(5+b1) ACsAKA
13+ 61 FORMAT(F19,89€10.3)
i 62 READ(S5+B)NNsAKKeROSOLVIROPOLY
15« 8 FORMAT(I3+3F15.8)
16 IF{NNJLE.1)60TD163
1rs READ(SeR)ITSo(TC(I)oI-1oNN}
18+ 9 FORMAT(10FB.3)
19+ READ(S+99IWEIGHT o {CCCI) oI =1eNN)
20¢ 99 FORMAT(F10.7+10F7.8)
21 SURCC=0.0
22+ DOTTM=1eNN
23 SUMCC=SUMCC+CC (™)
289 VOLSOL (M) =SUNCC
25 X{MI=WEIGHT®100,0/SUMCC
26+ 77 CONVINUE
27 SUNY=0.0
28s SUNY=0.0
29+ SUMXY=0.0
30+ SUNXQa=0.0
3te DO 7 M=1eNN
32¢ IFCAKK.LT.0.0)60T088S
33 VOLPOL=UEIGHT/ROPOLY
38e WESOLIM)=VOLSOL(M)#ROSOLY
35 ROSOLUCMIS(MEIGHT*WESOLIM) ) 7(VOLPOL+VOLSOL(M) )
b1 14 YUR)I=ROSOLUIMI*T (M) e (1, 0-AKK/T{MI202)/ ((ROSOLVETSoX(M))e (1 ,0-AKK/T
37 1S¢22)})1-1.07X(M)
38+ W08 JFCAKKLTa0 0V Y(MIZ(T(MI-TSI/(TSeX(M))
39e¢ SUMX=SUMXeXIN)
80 SUNYZSUNYeY(N)
81 SUNXY=SUMXYeX{MIeY (™)
42 SUNXQ=SUBXQeX(M)eX (M)
43 7 CONTINUE
(T3] WRITE(6e19)
A5 19 FORMAT(///7e1Xe® LIST OF MEASURES ®¢/)
LYY IFCAKKLT.0.0)69706b8
a7 WRITECLe66T7)TS
N8e 667 FORMAT(//792Xe°TS =+FT7.2¢5Xe* WITH DENSITY AND KINEVIC-ENERGY CORR
a9s 1ECTIONS *e/7)
50 IFCAKK,6T.0.016070777
Stle 666 URITE(L+668)TS
52e 668 FORMAT(//e1Xs® TS =*9FT7.2¢5Xe® WITHOUT CORRECTIONS *o//)
53e TTT NIBS=NN
Ses C=NN
55« XMED=SUNX/C
S56e¢ NIZNN-2
57 B=( SUMXY-XMED*SURY) /7 (SUMXQ-C*XRED*+*2)
58+ A=SUMRY/C~B+XNMED
59 PK=B/Ase2
60 XQz0.0
61e GMIN=0.0
62 D030 M=1sNOBS
63%e YizAeBeX (M)
(114 QANINZQMINS(Y1-Y(M))es2
65 XO=XQe {X(MI-XMED )22
66® WRITE(He 20 )M eT LM o X (M) Y {M)oYL
[ 344 20 FORMATIIXsY292Xe® TIME(SEC)=®eF7.2¢2Xe* X{G/DLIZ®oF To8e2Xe*® YZ'¢F7
68e 1e8e2Xy® Y11= eF 18070}
69 30 CONTINUE
70 SYX=SQRT(QMIN/(C-2.0))
Tt= ALIMB=ANI(NI)*(SYX/SQRT(XQ)})
T72¢ ALIMA=ANIC(NTII¢SYXe50RT(1.0/CeXNEDee DI/ XQ)
13 WRITE(6+21)SYX
18 21 FORMAT(//¢* STANOARD DEVIATION="sF7.8)
75 URITEC6e 3N IPERC
76« 39 FORMAT(///+* CONFIDENCE INTERVAL =*¢I3)
(22 WRITEC6eS)AvALINA
T8¢ S FORMAY(//+* INTERCEPT(=INTRINSIC VISCOSITYI=%eFb6.303H s—9rFb.8e//)
79e MRITEC(6¢69)BosALINMNB

Fig. 1 (continued)
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69 FORMAT(1Xv® SLOPE=%eEL10.803H ¢~9E10.80/¢)

BRAX=BeALINS

BMINZ=B-ALIMB

AFAXZACALINA

ANINZA-ALINA
PKMAX=BRAX/AMIN®22
PKMIN=BNIN/ANAX®S2
WRITE(60233)PK oPAMAXPKNIN

233 FORMAT(/¢" HUGGINS CONSTANT='9F7.892Xe " MAXZ"9FT.8e2Xe® RINZ*yF7,

18¢)
IF(AKAL.LT.0.0)62T073
AOZA/ZAKA

AL=ALOG(AD)
ACA=CASALINAI/AKA
AONMZ(A-ALTIMAY/AKA
ALAZALOG(ADA)
ALNZALOG(AON)
ARG=RA®AL

AMZEXP (ARG)
APMAZEXP(RA®ALA)
ANIZEXP{RA*ALM)
WRITE(60 79)ACeAKA

79 FORMAT(//otXe® AZ'eEL1N.008Xe* KZ9E10.8e///)

WRITEC(Se6)AMoANA L ANT

6 FORMAT(iXe® AVERAGE MOL WEIGHT=*oE10,.8e2Xe* MAX="eE10,8¢2Xe* WINZ®

1+€10.8071HO)

73 GOTO &2
t63 CONTINUE
26 SYOP

63
80

60
59

61
62

99

124

e

END

Fig. 1. First computer program using Huggins equation.

DIMENSION ¥(1000) +X (100009 Y(1000NsTITLEC(L3IoANIC(10)»VOLSOLE1000) ¥
1ESOL (10001 »ROSOLUL1000) +CC(1000)
READ(%+80)MN

FORMAT(I3)

DO163 IIz1eMN

READ(%+60) (TITLE(J)»JZtel})
WRITE(6¢59)(TITLE(I) 9 d=1913)
FORMAT(13A8)

FORMATC(IH192Xs 13A6)

READ(S¢2) (ANT(K)sK=196) ¢+ IPERC
FORMAT(6F 1IN, 30110}

READ(S+61) ACoAKA
FORMAT(F1N.8s£10,3)

READ(S5eB8)NNs AKKsRISILVIROPOLY
FORMAT(I3, 3F 15.8)
IFINN.LE.1)GOTO143
READ(S5¢9)TSo(T(I)eI=1eNN)
FORMAT({10FB.3)
READ(5+¢99)IWEIGHT s (CCLY) eI =1 4NN}
FORMAT(F10.7+10F7.4%)

SUNCC=0.0

DOTTH=19NN

SUMCC=SUMCC+CC (")
VOLSOL(M)=SUMCC
X(M)=WEIGHT*100.0/SUMCC
CONTINUE

SUMX=0.0

SUNY=0.0

SUMXY=0.0

SUMXQ=0.0

DO 7 M-14NN
IFCAKK.LT.0.0)G0TOR NN
VOLPOL=WEIGHT/ROPOLY
WESOL(MI=VOLSOL(M)*ROSOLY
ROSOLU(M)=(WEIGHT+WESOL (M) ) 7 (VOLPOLVOLSOL(M))
Y(MIZALOG(ROSOLU(M)ST(M)IO( 1. 0-AKK/T(MI®®2) /(ROSOLYV'*TS*(1.0-AKK/TSs
1#2)))/7X(N)

IFCAKKLT.0.0) Y(N)ITALOGL(TIN) /TSIZX (M)
SUMX=SUMXeX (M)

SUNY=SUNMYeY (M)
SUMXY=SUMXYeX{M) sy (M)
SUNXQ=SUMXQOeX (M} X (M)

CONTINUE

WRITE(6019)

Fig. 2 (continued)
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19 FORMAT{///91Xe* LIST OF MEASURES *9/)

IF(AKK.LT.0.0)60T0866
WRITE(Le86T7)TS

667 FORMATU/7/92Xs*TS =*oFT7.2¢5X+* WITH DENSITY AND KINETIC-ENERGY CORR
tECTIONS *o//)
IF(AKK.6T.0.0160T0777

666 WRITECO9608)TS

668 FORMAT(//+1Xe® TS Z%9F2.2¢5Xs* WITHOUT CORRECTIONS *9//)

777 NOBS=NN

C=NN
XMED=SUNX/C
NI=NN-2

B=( SUMXY-XMED=SUMY )/ (SUMXQG-CeXMEDe+2)
A=SUNY/C~B*XMED
QK=B/Ase2
X0=0.0
QMIN=0.0
D930 M=1+NOBS
Y1=A+BoX (M)
QMINZQNINS(YLI-Y(N))es2
X0=XQ+ (X{M)~XMED )} *e2
WRITE(O 2200 Mo TAM) o X (M) 2V (M)oY]
20 FORMAT(EXeI292Xe* TIME(SEC) = eF7a202X0e* X(G/DLI="oFTo892Xe® Y2, F7
Ta802Xe? YIZ'F7.80/7)
30 CONTINUE
SYX=SORT(QMIN/(C-2.0))
ALIMB=ANI(NI)*(SYX/SQRTIX0))
ALIMAZANI(NI)*SYXeSQRT(1.,0/CeXMEDs+2/XQ)
WRITE(b9»21)SYX
21 FORMAT(//¢® STANDARD DEVIATION=®F7.8)
WRITE(6¢39) IPERC
39 FORMATY(///7+° CONFIDENCE INTERVAL =*»1I3)
WRITE(GsS)IAvALINA
5 FORMATY(//e¢* INTERCEPT(ZINTRINSIC VISCOSITYI=*9Fb6.303H ¢~9Fba¥e//)
WRITE(G6269)BsALINB
69 FORMAT(1Xe® SLOPE=*+E10.%93H ¢-09E10.8¢/9)
BMAX=BeALIMB
BMIN=B-ALIMS8
AMAX=ACALINA
AMINZA-ALIMA
QKMAX=BMAX/AMIN®*2
QKMIN=BMIN/AMAX=%2
WRITE(H9233)QK sQUMAX 9QKMIN
233 FORMAT(//¢® KRAEMER CONSTANTZ*oF7.893Xe* MAXZ*oF T7.893X9* MINZ*sF7
1.4)
IFLAKALLT.0.0)607073
AO=AZAKA
RA=1,0/AC
AL=ALOG(AN)
AOA=CASALINA) 7AXA
AOM= (A-ALIMA)/ZAKA
ALATALOG(ADA)
ALM=ALOG(AOM)
ARG=RA=AL
AMZEXP (ARG}
AMATEXP(RA=ALA)
AMIZEXP{RA®ALM)
WRITE(H6e TRIACAKA
7O FORMAT(//Z91Xe® A=* oE10.800Xe® K=®"eE10.4077/)
WRITE(G96)AM e AMA AM]
6 FORMAT(1Xs® AVERAGE MOL WEIGHT=Z®oE 1N, 8¢2Xe® MAX=*yEL1Q.8s2Xs* MINZY
1+E10.89/71KH0)
73 GOTO 62
163 CONTINUE
26 STOP
END

Fig. 2. Second computer program using Kraemer equation.

times of the solvent and of the solutions from the capillary viscometer, K is
the viscometer constant, which depends on its geometry.

The concentration of diluted solutions is generally very low (<1 g/100 cc)
so that the solvent and the solution densities are very close. Supposing that
ps = p, if K/t? and K/t2 are both negligible with respect to unity, which can
be obtained with suitable viscometers, eq. (1) becomes



The equations which correlate 7,, and 5, to the concentration ¢ are

COMPUTING VISCOSIMETRIC MOLECULAR WEIGHTS

¢
n’sp = 7"/rel -1= Ts - 1'

ns, /¢ = [n] + keln)

Iny,u/c=[n] + k’c[n]?

2587

(2)

3
(4)

where k’ is the Huggins constant,! k” is the Kraemer constart,? and [5] is the
intrinsic viscosity.
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INTERPOLATION AQ+AVSQUARE X

DIMENSION T(3000) +C11073) +X(1000) +Y{1000}¢Y1€1000),DIF{1000 Vs XR(3)

$05Q¢3) s TITLE(13)oR(A) ¢ xI(13)CCC100)
READ(S+90INN

FORMPAT(ID)

0016311I=10N

READ(S+3) (TITLEC(U) » J=1913)
FORMATY(13A6)

WRITE(6959) (TITLE(J) +JT1913)
FORMAT(1H1+20Xs13A6)

READ (5S¢ #)NNsPKeACrAKA
IF(NNLE.1130T0163
FORPAT(13¢2F10.4¢E10.3)
READ(S36) TS (TIM)sM=1s¥N)
FORMAT(10FB.3)
READ(S+A1IWEISHT o {CT(M) ¢ M=1 NN)
FORMATC(F10.7+10F7.8)
SUmMCC=0.0

DOTTM=1+NN

SUMCC=SUMCC+CC (M)
C(MISWEISHT#100.0/SUNC:
X(Py=PKeC(M)
YEMIZUTI(M)-TS)I/ZC(TSeC( M) )
CONTINUE

SUMX=0.0

SUMXY=D.0

SUMXQ=0.0

SUMY=0,0

00 51 J=1eNN

SURY=SUMY+Y ()
SUMX=SUMXe+XT J)
SUMXY=SUMXY+X (I Y (J)
SUMXQ=SUMXQ* XCJ)sX(J)
B(1)=t,0

B(2)=(1.5+SUNX) /SUMXQ

GN=NN
B{3)=(AN-2.0eSUNXY) /L2, DeSUNXD)
B(8)=-SUNY/(2,0eSUNXG)

CALL SEQ3(BeXRoXIoKUol}

DO 10 I=1,3
IFIXIC{I)aLT.0.0)607010
IF(XI(I).6T7.0.0)60T010
$Q111)=0.0

0O 11 J=1sNN

S INI=SQIII¢(YI = XRII) - XR(T P e XR{L) X IV Doy (J)-XRIII-XR(])
1eXREIY=X(J))
IF(L.EQ.2)aNIN=SQ(I)
IF(L.EQ.2YRMINZXRI(I)
IF(L.EQ.2)60T080

CONTINUE

AMIN=SQ(1)

RMINZXR (1)

30 30 K=2¢3
IF(SO(K).GT.GMIN)GOTO3C
QRIN=SQ(K)

RMINZXR(K)

CONTINUE

QRMINSRMINSRMIN

AOSRMIN/AKA

ALTALOG (AD)

RA=1.0/AC

ARGTRAs AL

Fig. 3 (continued)
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83 PM=EXP(ARG)

60 WRITE(6+80)

65 80 FORMAT(///7+1Xe* LIST 0° MEASURES®+/)

Y1) WRITE(6+81) TS oPK

67e 81 FORMATC(//91Xe® TSI FT7,.2e5Xe® HUGGINS CONSTANTZ® F10a8e //s}
Y.L DO3SM=1 oNN

6% YI{MIZRMINSQRMIN®Y{ %)

700 BIF(M)=Y(M)=Y1(M)

Tte WRITECA9B82)MoTIM)+CIM)r X UMY o YT My ¥1{M),IICLM)

72 35 CONTINUE

73 82 FORMATC(/otXaT2+2X e TIPT(SIZ)=%¢"Ta2¢2Xe* CUG/DLIZ"FT.842X,° X(=P
e IK®C)I= oFToBe2Xe" YS"eF7.892Xs* YIT'sFT74892Xe* DIF="eF7.8)
75+ IFCLEQ.1IURITE(b98E)

T8e AN FORMAT(//791Xe® NUMBER J° REAL ROITS=3 )

17+ IF(L.EQ.2)WRITE(6+321)

T8¢ 321 FORMAT(//¢1Xe* NUMBIR 37 REAL ROJITS=1 *o)

79+ WRITE(69B3IRPMINIACYAKA 9PN

80+ B3 FORMAT(//e1Xs* AZEROU(=INTERCEPT=INTRINSIC VISZOSITYI= 'y FTa8e2Xy* A
81s IZ°oFT.892Xe® KZ'9E10.3+2Xe* MOL WEIGHT=*yE12.4)

82e 507062

81» 163 CONTINUE

84 99 STOP

85 END

Fig. 3. Third computer program using a known Huggins constant.

POLYISOBUTWLENE A IN CYCLOHEXANE T=30C VISCOM.1

LIST OF WEASUPES

TS = 323.50 WITH DENSITY AND KINETIC-ENERGY CORRECTIONS

1 TIME(SEC)= 731.10 X{G6/70L)= 3125 Y= 8.7933 vi= 4.808%
2 TIME(SEC)I= 575.50 X(G/DLI= <20R3 Y= 8.5025 Yiz 8.4916
3 TIRE(SEC)I= 505.50 X(G/0L)= .1563 Yz §4.3718 Yi= 84,3332

L] TIRE(SEC)I= 837,20 X{G/0LYI= L1082 Y= %.1803 Yiz 8. 1788

STANDARD DEVIATION= .0380

CONFIDENCE INTERVAL = 95

INTERCEPT(ZINTRINSIC VISCOSITY)= 3.,85R #- ,2282
SLOPE= ,3081+01 ¢+- ,1087+01

HUGGINS CONSTANT= ,2043 MAX= 3133 MINZ Q171

Az .6900+00 K=  .2760-03

AVERAGE ML WEIGHYZ= L1018+07 MAXZ= <1107e07 MIN= ,9322+¢06
Fig. 4. OUTPUT of the first program according to cards 3-8 of the INPUT of Table II.
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POLYISOBUTYLENE A IN CYCLOHEXANE T=30C VISCOM.1)

LISY OF MEASURES

TS = 323.50 WITHOUT CORRECTIONS

1 TIMRE(SECI= 731.10 X{6/DL¥= 3125 Y= §4.0319 Yi= &,0468
2 TIME(SEC)= 575.50 X(G/DL)= L2083 Y= 3.7391 Y1z 3.7265
3 TIMEC(SEC)= 505.5%0 X{6/0LYZ <1563 Y= 3.80006 Y11= 3.5663

L] TIME(SECYI= &37.20 X{6/0LY= 1082 Y= 3.3781 Y1z 3.8061
STANOARD DEVIAVIONZ .0360

CONFIDENCE INTERVAL = 95

INTERCEPT(=INTRINSIC ¥ISCOSITY)= 3,086 ¢- ,2109
SLOPE= .3075¢0t ¢- 100801

HUGGINS CONSTANT= 3229 MAXZ L4935 MINZ  .1905

A=  .6900¢00 K= «2760-03

AVERAGE ROL WEIGHT= . T7368¢06 MAX= 8108406 MIN=  L65689¢06
Fig. 5. OUTPUT of the first program according to cards 10-15 of the INPUT of Table II.

Experimentally the viscosimetric measurements are repeated varying the
initial concentration with dilution: plotting eqs. (3) and (4), one obtains [7]
which is correlated to polymer molecular weight M through the Mark-Hou-
wink34 equation

7] = KM (5)

where K and a are characteristic constants for every polymer—solvent system.

PRINCIPLES OF CALCULATION

First of all, the values of the different concentrations (in g/100 cc) are cal-
culated from the polymer weight and from the solvent volume (cc) added in
every test. Considering the additivity of the volumes, the solution densities
are calculated from the polymer and solvent densities. According to eq. (1),
nsp is calculated from the values of K, t,, and ¢ for every concentration c.
However, it is possible to use the simplified eq. (2), too. At this stage, all the
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POLYISOBUTYLENE B IN CYCLOHEXANE Y=30C VISCOM.2

LIST OF MEASURES

TS = 208.30 WITH DENSITY AND KINETIC-ENERGY CORRECTIONS

1 TIME(SECI= 563.50 X{6/0L)= .3212 Y= 6.2817 Y1z 6.3016
2 TIME(SEC)I= 828,60 X{G/DL)= L2181 Y= 5.8%20 Y1z 5.8150
3 TIMEC(SEC)= 361.80 X(G/0LYI= L1606 Y= 5.5975 Y1z 5.5717

L] TIRE(SEC)I= 302.80 X{G/DLY= 1071 Y= 5.2957 Y1z 5.3285
STANDARD DEVIATION= .0378

CONFIDENCE INTERVAL = 90

INTERCEPV(=INTRINSIC VISCOSITY)= 4,882 ¢~ ,1505
SLOPE= 8588801 ¢~ ,6974+00

HUGGINS CONSTANY= ,1938 MAXZ .2382 MINZ 1588

AT  .6900¢00 K=  .2760-03

AVERAGE MOL WEIGHT= o 1815¢07 MAXzZ. 188007 MINZ .1352+07
Fig. 6. OUTPUT of the first program according to cards 17-22 of the INPUT of Table IL.

data to be entered into eq. (3) are available. Substituting now y = #,p/c and
x = ¢, eq. (3) becomes
Yy =a + ax (6)

where ap = [] and a; = k’[y]2.

The best values of the constant ag and a; are obtained by a least-squares
method. The confidence intervals (with the coefficient of confidence 1 —«)
for the intercept ag¢ and for the slope a; are given!* from

€
Z (x; — x)?

f=1

+ (7

1
ay * taosz,_, Syix P +

Sy/x

a, + ta/2; n-2 (8)
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POLYISOBUTYLENE B8 1IN CYCLOHMEXANE T=30C VISCOM,2

LIST OF MEASURES

TS = 20%.30 MITHOUT CORRECTIONS

1 TIME(SEC)= 563.50 X(6/0LI= .3212 Y= 5.4738 Y1z S.8948
2 VIME(SEC)= 828,80 X¢(G/DLYI=  .2141 YT 5.0357 Y1z 5.0066
3 TIMEC(SEC)I= 361.20 X{6/0L)= .14606 Y= 8,7881 Y1z 8.7626

L TIME(SEC)= 302.%0 X{G6/DLI= L1071 Y= 8,4888 Yiz 8.5185

STANDARD DEVIATION= .0392

CONFIDENCE INTERVAL = 90

INTERCEPT(=INTRINSIC VISCOSITY)= 8,030 ¢- .1559

SLOPE= .8559¢01 *- ,7223+00

HUGGINS CONSTANTZ .2807 MAX= L3518 MINZ 2189

AT .46900¢00 K= .2760-03

AVERAGE MOL WEIGHT= ,1085¢07 MAXT .1186¢07 MINz .1025¢07

Fig. 7. OUTPUT of the first program according to cards 24-29 of the INPUT of Table II.
where t./2,n~2 is the Student’s t-coefficient with n—2 degrees of freedom.
The numerical values of the t coefficient are tabulated!® and reported in
Table I as a function of the degrees of freedom n — 2 (that is, also of the num-
ber of tests) and of «; 1 — a represents the probability that the values of ag

and of a; are included between the limits indicated in eq. (7); % is the average
value of x;; sy, is the standard deviation

> i =y 9

_iml

n-2

Sy;x =

where y. is the calculated value of y.
Then, the calculations of &’ (= a1/ad), M (= (ao/K)V/2), and their maximum
and minimum values in the considered confidence intervals are performed.
The FORTRAN 1V program of this calculation is reported in Fig 1. An-
other program, which uses the Kraemer eq. (4), instead of the Huggins eq. (3),
is reported in Figure 2. In this case, we make the substitutions y = In 5 ,.i/c
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POLYISOBUTYLENE B IN CYCLOHEXANE T=30C VISCOM.2

LISY OF MEASURES

TS = 208.30 WITHOUT CORRECTIONS

1 TIME(SECY= 563.50 X(6/0LY=  .3212 Y= 5.4738 Yi= 5.4988
2 TIRE(SEC)I= 424,60 X{G/DLI=  .218] Yz 5.0357 Y1z 5.0066
3 TIME(SEC)= 361.%0 X{6/DLY= .16068 Y= 4,7881 Yiz 88,7626

. TIMEC(SEC)I= 302. %0 X<(G/oLYI= L1071 Y= 84,4848 Y1z 8.5185

STANDARD DEVIATION= .0392

CONFIDENCE INTERVAL = 90
INTERCEPT(ZINTRINSIC WISCOSITY)= 8,030 ¢- 1559
SLOPE= .8559¢01 ¢~ ,7223¢00

HUGGSINS CONSTANT= 2807 MAX= .3518 MIN- 2189
Fig. 8. OUTPUT of the first program according to cards 31-36 of the INPUT of Table II.

and a; = k” [5)?in eq. (6). The two programs are very similar, they have the
same INPUT, and we can change the program only substituting the cards 36,
317, 38, 59, 85, 86, 87, 88, and 89.

Beyond the approximation of eq. (2), another simplification can be done if
we know the value of the Huggins constant. This value must be obtained
from careful preliminary calibration tests with polymers of identical polydis-
persity. Equation (6) can now be written as follows:

y = + k’ao2 X (10)
Indicating with X the value of k’x, we obtain
y = a, + a’’X 1)
where ap = [7].
TABLE I
Numerical Values of Student’s ¢-Coefficient
n- 2 a/2=10.2 0.1 0.03 0.025 0.01
1 1.376 3.078 6.314 12.71 31.82
2 1.061 1.886 2.920 4.303 6.965
3 0.978 1.638 2.353 3.182 4.541
4 0.941 1.533 2,132 2,776 3.747
5 0.920 1.476 2.015 2.671 3.365
6 0.906 1.440 1.943 2.447 3.143
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POLYISOBUTYLENF A IN CYCLOHEXANE T=30C VISCOM,1t
LIST OF MZ ASURES

TS = 323.50 WITH DENSITY AND KINETIC-ENERGY CORRECTIONS

1 TIME(SEC)= 731.10 X(G/0L)= 43125 Y= 2.9294 Y1z 2.9278
2 TIME(SEC)= S75.50 X(6/0L)=  L20R3 Y= 3.1760 Yi= 3.1878
3 TIME(SECY= 50F,50 X(G/DL)= 1563 Yz 3.3321 Yiz 3.3175

4 TIME(SEC)= 437,20 X{G/0L)= L1042 Y= T.0423 Y1z 3.4475
‘STAND ARD DEVIATIONZ L0137

CONFIDENCE INTERVAL = 9%
INTERCEPT(=INTRINSIC VISCOSITY)= 3.70R +- ,08n3

SLOPE= -.2497+¢01 +- ,3824+00

KRAEMER CONSTANT= -.1816 MAXT ~.1607 ¥INz -,2007

AT L6900¢00 L= «2760-03

AVERAGE MOL WFIGHT= .961%¢0s MAXZ L9917¢06 MINZ  L,9313e+06
Fig. 9. OUTPUT of the second program according to cards 3-8 of the INPUT of Table II.

The calculation of ap which minimizes the sum of the squares of deviations
employs a third-degree equation. In the program of Figure 3, this equation is
solved by Cardano formulas using a library subroutine (SEQ 3).

EXAMPLES OF APPLICATION

We report as examples of application the data elaboration of two viscosi-
metric tests using two different samples of polyisobutylene in cyclohexane at
30°C. The viscometers were chosen in such a way as to evidence the differ-
ences of the results obtained according to eqgs. (1) and (2). The molecular
weights are calculated according to the Krigbaum-Flory relationshipl®

[n] = 276 x 107* M*® 12)

The experimental data are reported in the INPUT cards. Table II reports
the INPUT for both the programs of Figures 1 and 2. The INPUT of the
program of Figure 3 is reported in Table IIIL
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TABLE II

Example of INPUT for the First and Second Programs

Card number

Card content

1 5
2 1
3 POLYISOBUTYLENE A IN CYCLOHEXANE T=30C VISCOM.1
4 12.710 4.303 3.182 2.776 2.571 2.447 95
5 0.69 2.76 E-04
6 4 12040 0.764 0.918
7 323.5 731.1 575.5 505.5 437.2
8 0.03125 10 5 5 10
9 1
10 POLYISOBUTYLENE A IN CYCLOHEXANE T=30C VISCOM.1
11 12.710 4.303 3.182 2.776 2.571 2.447 95
12 0.69 2.76 E-04
13 4 -1 1 1
14 323.5 731.1 575.5 505.5 437.2
15 0.03125 10 5 5 10
16 1
17 POLYISOBUTYLENE B IN CYCLOHEXANE T=30C VISCOM.2
18 6.314 2.920 2.358 2.132 2.015 1.943 920
19 0.69 2.76 E-04
20 4 4050 0.764 0.918
21 204.3 563.6  424.6 361.4 302.4
22 0.03212 10 5 5 10
23 1
24 POLYISOBUTYLENE B IN CYCLOHEXANE T=30C VISCOM.2
25 6.314 2.920 2.358 2.132 2.015 1.943 90
26 0.69 2.76 E-04
27 4 —1 1 1
28 204.3 563.5 424.6 361.4 3024
29 0.03212 10 5 5 10
30 1
31 POLYISOBUTYLENE B IN CYCLOHEXANE T=30C VISCOM.2
32 6.314 2.920 2.358 2.132 2.015 1.943 90
33 1 -1
34 4 —1 1 1
35 204.3 563.5 424.6 361.4 302.4
36 0.03212 10 5 5 10
37 1
TABLE III

Example of INPUT for the Third Program

Card number

Card content

-

HOQOWRIO WU WM H

2

POLYISOBUTYLENE A IN CYCLOHEXANE T=30C VISCOM.1
4 0.2 0.69 2.76 E-04

323.5 731.1 575.5 505.5 437.2

0.03125 10 5 5 10

1

POLYISOBUTYLENE B IN.CYCLOHEXANE T=30C VISCOM.2
4 0.2 0.69 2.76 E-04

204.3 563.5 424.6 361.4 302.4

0.03212 10 5 5 10

1
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POLYISOBUTYLENF A

LIST OF MEASURES

TS = 323,50

1 TIME(SEC)= 731.10
2 TIME(SEC)= 57%5.50
3 TINE(SEC)= 505.50
L] TIRE(SEC)= 437,20
STANDARD DEVIATION=

CONFIDENCE INTERVAL =

INTERCEPT(=INTRINSIC VISCOSITY)= 3.055 -

SLOPE= -,1806¢01 +-

KRAEMER CONSTANT=Z -1

A= 6900400 K=

AVERAGE MOL WEIGHT=

IN CYCLOHE

X{Gs0L)=

X{G/DL)=

X(G/DL)=

X{G/DLY =

«0200

95

+5578+¢00

506 MAX=

«2760-03

«7262¢06

WITHOUY CORRECTIONS

2696
XANE T=30C VISCOM,1
«3125 Y= 2.609t Yiz 2.6158
«2083 Y= 2.7650 Yiz 2.7622
«1563 Y= 248566 Yiz 2.68355
<1042 Y= 2.8%1% Y1z 2.9087
<1171
-«0983 MINZ -.1951
MAX= .7669¢06 MINZ  .6862¢06

Fig. 10. OUTPUT of the second program according to cards 10-15 of the INPUT of Table II.

POLYISOBUTYLENE 8

LIST OF MEASURES

IN CYCLOHEXANE

TS = 208.3%0

1 TIME(SEC)= 563.50 X{G/OL)Y=
2 TINE(SEC)= 824,460 X{G/soLY=
3 TIMEC(SEC)I= 361.4%0 X(6/70L) =
L} TIME(SEC) = 302.%0 X{GroL)Y =
STANDARD OEVIATION= .0162
CONFIDENCE INTERVAL = 90

«32%2
«2141
«1606

-1078

T=30C

viscom,2

WITH DENSITY AND KINETIC-ENERGY CORRECTIONS

Y= 3.8386 Yi= 3.4291
Y= 3.7890 Yiz 3.8068
Y= 3.9932 Yi= 3.9956
Y= 8.1951 Yi= M. 1BAS
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Fig. 11 (continued)
INTERCEPTC=INTRINSIC VISCOSITY)z= 8,562 ¢~ .0685

SLOPE= -.3527¢01 ¢+- &2988¢00

KRAEMER CONSTANT= -, 1695 MAX= -.1596 MIN= -.1787

Az .6900+00 K= «2760-03

AVERAGE ML WEIGHT= ,12%W8eN7 MAX= 132507 MIN= ,1272407
Fig. 11. OUTPUT of the second program according to cards 17-22 of the INPUT of Table II

POLYISOBUTYLENE B IN CYCLOHEXANE T=30C VISCOM.2

LISY OF MEASURES

TS = 20%.30 WITHOUT CORRECTIONS

1 TIME(SEC)= 563.50 X{6/DL)= ,.3212 Y= 3.1587 Yiz 3.1613
2 TIME(SEC)= 828,560 X{G6/DL)=  .2181 Y= 3.416% Y1z 3.8156
3 TIME(SEC)= 361.80 X{G70L)= 1606 Y= 3.55117 Y1z 3.5827

L] TIME(SEC)= 302.80 X(G/0L¥= L1071 Y= 3.6628 Y1z 3.6699

STANOARD DEVIATION= ,.0083

CONFIDENCE INTERVAL = %0
INTERCEPT(=INTRINSIC VISCOSITY)= 3,928 ¢~ ,0330

SLOPE= -,2375¢01 +- .1528+00

KRAEMER CONSTANT= -.1542 MAX= ~.1468 MINZ -.161%

A2 .6900+00 K= «2760-03

AVERAGE MOL WEIGHT= . 1088&¢Q7 MAX= .1056¢07 MINZ L1031+07

Fig. 12. OUTPUT of the second program according to cards 24—29 of the INPUT of Table II.
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POLYISOBUTYLENE B8 IN CYCLOHEXANE V=30C VISCOM,2

LIST OF MEASURES

TS = 208.30 WITHOUT CORRECTIONS

1 TIME(SEC)= 563.50 X{G/0LYI= L3212 Y= 3.1587 Y1z 3.1613
2 TIME(SEC)= 428,60 X(G/DL)= L2141 Y= 3.0160 Y1= 3.8156
3 TIME(SEC)= 361.80 X{G/0L)= L1606 Yz 3.5517 Y1z 3.5827

L] TIME(SEC)Y= 302.40 X{6/0L)= L1071 Y= 3.6628 Yiz 3.6699

STANDARD DEVIATIONZ L0083

CONFIDENCE INTERVAL = 90
INTERCEPT(TINTRINSIC VISCOSITY)= %,928 ¢~ ,0330

SLOPE= -.?2375+401 +- L,152R+00

KRAEMER CONSTAMTC -,1542 MAX= -,18AR MINZ -,1618
Fig. 13. OUTPUT of the second program according to cards 31-36 of the INPUT of Table II.

POLYISOBUTYLENE A IN CYZLOMIXANE T:=3nC VISCIM.1
LIST OF MIASURES
TSz 323.%) HUGSINS CONSTANT=Z 2000

1 TIRE(SEC)= 731,10 CL6/0L)= +3125 X(-PKsC) = D625 ¥z 8.03%19 Y1= 3,943, DIF=  .0885
2 TIME(SEC)I= 575.50 C(E/0L)= L2083 X(PKeC)= (W17 ¥z 3.7391 Yi=z 3,7201 DIF= L0190
3 TIMe(SECI= 505,5v C(E/DLIZ <1563 X{-pKel)= 43312 ¥ 361708 Y13 3.40%5 DIF= -.0079

L} TIMEC(SEC)= 837,20 Ct6/0L)=  .1082 X{-PK*C)= G208 ¥z 3.378) Y1= 3.8968 DY¥F= -.1227
MUMBER OF REAL ROOTS:=3

AZERO(-INTERCEPY=INTRINSIC VISCOSITY)= 3.273/ AT L6900 K= «276-0% MOL WEIGHT- «8025+08

Fig. 14. OUTPUT of the third program according to cards 2-5 of the INPUT of Table III.

We report the OUTPUT of the first program, which employs the Huggins
equation, in Figures 4-8; the QUTPUT of the second program, which em-
ploys the Kraemer equation, in Figures 9-13; the OUTPUT of the third pro-
gram, in Figures 14 and 15.
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POLYISOBUTYLENE P IN CYCLOMEXANE T¥=30C VISCOM,2

LYST OF MFASURES

TSz 20a.30 HIGGINS CONSTANT= «2000

1 TIME(SEC)= 563.50 C(6/0L)=  .3212 X(-PKaC)T .(b82 Yz 5.873R ¥Y1= 5.385% OIF= .0887

2 TIMEASEC)= a28,60 Ce5/0L)= .?181 X{zpKel) = L3828 Yz 5.0%57 Y1z S.0013 DIF= .03%
3 TIMECSEC )= J61.80 CiB/DLIZ  .1608 X¢=PKeC)= .0321 Y= 8,788) Y1Z 48,8094 DIF= -.0213
L] TIRE(SEC)= 302,480 C(6/DL)= 1071 XU:PRel)= L3218 Y= N.nAa8 Y1z ¥.6175 DIF= -.1327

NURRER OF REaL w00TS:=}

APEROC=INTERIEPTSINTRINSIC VISCOSITY)= 8.233” Az <4300 LS «2%6-03 MOL WEIGMT= «1165¢07

Fig. 15. OUTPUT of the third program according to cards 7-10 of the INPUT of Table III.

In cards 4, 11, 18, 25, and 32 of the INPUT of Figure 2, the Student’s ¢-
coefficients (already tabulated in Table I) for the desired confidence interval
(last number on the right) up to 8 experimental points are reported.

Cards 5, 12, 19, 26, and 33 report the a and K values of eq. (5) for the con-
sidered polymer—solvent system: in our case, the data of eq. (12). When the
INPUT value for K is negative (especially 33), the program does not calculate
the molecular weight.

Cards 6, 13, 20, 27, and 34 report the number of experimental points, the
viscometer constant K of eq. (2) (if we write a negative value for K, eq. (3) is
employed), therefore the solvent and polymer densities.

Cards 7, 14, 21, 28, and 35 report the solvent and solutions efflux times.

Cards 8, 15, 22, 29, and 36 report first the polymer weight, the initial sol-
vent volume (in cc), and then the solvent volume added at every dilution.

For the same polymer it is possible to place cards of the type 6, 13, etc.,
after cards of the type 8, 15, etc., obtaining a single list of results.

With regard to the cards reported in the INPUT of Table III, only cards 3
and 8 are different from those of Table II. In these cards, the number of ex-
perimental points, the Huggins constant, the a and K values of eq. (12) are
reported.
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