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Charged polymer with constrained equilibrium
in u-NpT ensemble

m Setup

B=13 (» 1 kgT =)

¥=0.0257; (* 1 kgT = 0.0257 meV @ 298 K =)
nmel’=200;

£=0.1;

bbond =®'38;

o = 0.3385;

Zmer=1;

O'co='\/2_c;

€0 =0.1;

Zco = Zper

Ocx =03
€cx = 0.1
Zcex = —Zper 5

. n
rid[n_: Nger] &= bpond A ' g

o\1l2 o\6
potLJ[r_, o _,e_] :=4¢€ ((—) - (—) )

r r
evalB2Ll[o_, €_] :=evalB2[o, €] = —27rj rr? (Exp[-B potLI[rr, o, €]] - 1) drr
]
)2
evalB3HS[o_: o] := 10.0 (—) o®
6

)3
evalB4HS[o_: o] := 18.3647684 (—) o’
6
bacc = evalB2LI[o, 0.3 37];
b3 =2 0'6 5

b, = evalB4HS[o]



2 | charged2.nb

Automatic setup

In[21]:=

In31]:=

b3 mm = b3 5

b4mm = b4 5

b2fn[eps_] := IntegerString[IntegerPart[10 eps], 10, 2] ;

b3fn[b3_: b3] := Sw-itch[b3, evalB3HS[o], "hs", 20°, "2sge", 0, "0", _, "other"
b4fn[b4_: b,] := Switch[b4, evalB4HS[o], "hs", 0, "O0", _, "other"] ;
b3label[b3_: bs] := Switch[b3, evalB3HS[o], "B; ~ HS",

20°% "B; = 2 o®", 0., "B; = 0", _, StringForm["B; = ' nm®", b3]] ;
b4label[b4_: b,] := Switch[b4, evalB4HS[o], "B; ~ HS", 0.,
"B, = O", _, StringForm["B; = ' nm°", b4]] ;

outputdir = NotebookDirectory[] <> "output" ;
If[! DirectoryQeoutputdir, CreateDirectoryeoutputdir] ;
SetDirectorye@outputdir ;

Chain without cosolute

4 3
v[r_] i= —nr
3

n
c[r_,n_] :=
v([r]
r
a[r_, Nn_: Npe] 0= —
rid[n]

4
fechain[r_, N_1 1= B7* 5 (alr, n1?+a[r, n]?)

feachain[F_s N_, emm_] := B*v[r] c[r, n]* evalB2LI[o, emm 3~*]

3 mm 4 mm

c[r, n]3+ c[r,n]“)

fBNcha'in[r_, n_] .= /3_1 V[I"] (

fcha'in[r_s n_, emm_] := frchain [y N] + fBachain[Fy Ny emm] + fanchain[Fy N]

Chain in the cosolute environment

Common setup

In[590]:=

In[40]:=

asCsvList[l_] :=
Map [NumberForm[#1, 4] &, Map[Flatten, Map[#1[[2]] &, 1, {3}1, {1}1, {2}]
asPlotList[1l_] := Transposee@
Apply[Partition[Riffle[#1[[-1]] &/@#2 , #1, {1, -2,2}] ,2] &, 1, {1}]
csvfilename[name_, £ ] := name <> ToString@IntegerPart[nper §] <> "q.csv"

€m = 0.4
lepc = {60.1, 0.3, 0.5, 0.7, 0.9} ;
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Free energy minimization

Chemical potential and osmotic pressure of the reservoir

BF BoN*> B3N ByN* N(l (/\3 N) 1)
= + + + o] —|-
vooo2v2 o 313 Ay

B ﬁaF 2B 3524331()31 (N\)
=f— = cC+— cC+— c+1og(c)+osl0
HEPon|,, 2 gmety™ & &
aF 2 3 4
,Bp:—B@—V =Cc+By,c"+ B3c’+Bsc
N,T

3 2 4 3
2 Mout [COUE_] t=2bycc (2 cout) + ; bs (2 cout)”+ ; bs (2 cout)”® + Log[cout] (x+3Log[A]*)

Pout[cout_] := Bt (2 cout + b cc (2 cout) 24bs (2 cout) 34b, (2 cout)4)

Helmholtz free energy of the globule (NVT)

Using the number of cosolute particles inside the globule instead of cosolute concentration speeds up
the minimization.

inja41= fFin[F_, NCX_, NCO_, €CX_, €CO_] &=

1
(b2cc (NCx +nco)? +2npe, (evalB2LI[ocx, €cx] ncx +evalB2LI[oe, €co]l nco)) +
v[r]
bs 3 3 bs 4 4
(NCX +NCO + Nper) - Nper?) + (NCX +NCO + Nper) * - Nper?) +
2v[r]? 3vir]3
ncx nco
ncx Log| ] + nco Log| ] + (ncx +nco) ((#3Log[alx)-1)
v[r] v[r]

Gibbs free energy of the globule

€mm = 0.4

lex = {60.1, 0.3, 0.5, 0.7, 0.9,1.1, 1.3, 1.5}
1¢={-0.1, -0.05, 0, 0.05, 0.1};

16 = {0, 0.05, 0.1};

¢=0;

nis0;- charge[nex_, nco_, £ 1 = & Zper Nper + Zcx NCX + Zco NCO
g[r_, ncx_, nco_, cout_, £ , emm_, ecx_, €co_] :=
fchain[Fs Nuers €mm] + f5,[r, ncx, nco, ecx, eco] +
Pout [cOUt] V[r] - pout[cOut] (nNcx +nco) + ¢ charge[&, ncx, nco]
g[r_, ncx_, nco_, cout_, emm_, ecX_, €co_] :=

fchain[Fs Nuers €mm] + f5,[r, NCcX, Nnco, ecx, €co] + Poyt [cOUt] V[r] - pout [cOUut] (NCX + nco)
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In[53]:=

ClearAll[gMin]

gMin[cs_, & , emm_, ecx_, eco_] := gMin[cs, £, emm, ecx, eco] = FindMinimum[
{Simplify[g[r, ncx, nco, cs, emm, eCX, €CO]] /. NCX = = (& Zper Nmer + Zco NCO) / Zcy s
ncoz=0,r >0}, {{r,1.1rid[]}, {nco, csv[rid[]]}}, AccuracyGoal - 4]

Minimal radius of gyration

In[948]:=

In[952]:=

In[953]:=

out[954]=

In[638]:=

In642]:=

£=0.05;

trnin = Table[{vcs, Table[{vecx, r /. gMin[vcs, £, €mm, VECX, €c0] [[2]]1}, {VvecXx, lecx}]},
{vcs, Union[Table[vcs, {vcs, 0.01, 0.2, 0.01}],
Table[vcs, {vcs, 0.15, 0.5, 0.05}], Table[vcs, {vcs, 0.5, 1.5, 0.1}1]}]

plotOpts = {PlotLabel -

StringForm["€ = ", ew = "B, 7, ", &, €m, b3label[], b4label[]],
ImageSize -» Large, PlotStyle » {PointSize[Large], Thickness[Large]},
PlotLegends - LineLegend[Table[NumberForm[ecx, {2, 1}1, {€cxs lecx}],

LegendLabel » "e., (B71) "] , GridLines » Automatic, InterpolationOrder - 3} H
L'istL'inePlot[asP'lotL'ist[trm-n] , PlotRange » {1.0, 3.0},
AxesLabel - {"cout (nm=3)", "r (nm)"}, EvaluateeplotOpts]

£=0.05, €mm=048", B3 =2 d® By ~ HS

L L L L Il L L L Il L L L Il L L L Il L L L Il L L L Il L L L Il L L Cout (nm—3)

0.2 0.4 0.6 0.8 1.0 1.2 1.4

trnin = Table[{vcs, Table[{vecx, r /. gMin[vcs, &, €mms VECX, €c0o] [[2]]1}, {VecX, lecx}]1},
{vcs,
Union[Table[vcs, {vcs, 0.01, 0.2, 0.01}], Table[vcs, {vcs, 0.2, 1.5, 0.02}11}] ;

Export[csvfilename["rmin", £], asCsvList[trpinl]
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Mean free energy

m Critical temperature

lcout = {0.5, 1.0, 2.0} ;

lcout = {0.4, 1.0, 2.0, 3.0} *x0.6022 ; (% in M units =)
emco =0.1;

§=0.05;

ClearAll[rFluctuationByParams]
Options[rFluctuationByParams] =
{cRange - cRangeEstimation, rRange » rRangeEstimation} ;
rFluctuationByParams[cs_, § , emm_, emcx_, emco_, opts : OptionsPattern[]] /;
! OrderedQ[{opts}] :=
rFluctuationByParams[cs, £, emm, emcx, emco, Sequence @@ Sort[{opts}]] ;
rFluctuationByParams[cs_, §_, emm_, emcx_, emco_, opts : OptionsPattern[]] :=
rFluctuationByParams[cs, £, emm, emcx, emco, opts] =
NIntegrate[Simplify[r®Exp[-g[r, ncx, nco, cs, emm, emcx, emco]] /.

{ncx » - (§ Zper Nper + Zco V[Fr] €CO ) / Zcxy, NCO » V] cco}] s
Flatten[{cco, OptionValue[cRange]}], Flatten[{r, OptionValue[rRange]}],
PrecisionGoal -» 4, MaxRecursion - 10,

Method -» {"GlobalAdaptive'", Method -» "GaussKronrodRu'l.e"}]/

NIntegrate[S'imp'l'ify[r2 Exp[-g[r, ncx, nco, csS, emm, emcXx, emco]] /.
{NCX > - (& Zner Nner + Zco V[F] €CCO) / Zex, NCO > V[r] cco}],
Flatten[{cco, OptionValue[cRange]}], Flatten[{r, OptionValue[rRange]l}],
PrecisionGoal - 4, MaxRecursion - 10,
Method -» {"GlobalAdaptive", Method - "GaussKronlrodRu'Le"}]2 *
NIntegrate[Simplify[Exp[-g[r, ncx, nco, cS, emm, emcx, emco]] /.
{ncx » - (§ Zper Nper + Zco V[F] €cCcO) / Zcx, NCO > V[Fr] cco}],
Flatten[{cco, OptionValue[cRange]}], Flatten[{r, OptionValue[rRange]}],
PrecisionGoal - 4, MaxRecursion - 10,
Method » {"GlobalAdaptive", Method - "GaussKronrodRule"}] -1

rRangeEstimationLocal = {1.2, 3 rid[]} ;
rFluctuationByParams[1.0, £, 0.15, 0.1, 0.1,
cRange » {0.06, 3.0}, rRange - rRangeEstimationLocal]
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concTable := Table[{cs, rFluctuationByParams[cs, £, emm,
emcx, emco, cRange » findcRangeSimplified[cs, §, emm, emcx, emco],
rRange - rRangeEstimationLocal]}, {cs, lcout}] ;
aFluctuations = <|
(emcx = 0.1) » Table[{emm, Evaluate@concTable}, {emm, 0.05, 0.5, 0.005}] ,
(emcx = ©.5) » Table[{emm, Evaluate@concTable}, {emm, ©.05, 6.5, 0.005}] ,
(*(emcx=0.7)—> Table[{emm,Evaluate@concTable}, {emm,0.1,0.6,0.05}] ,%*)
(emcx = ©.9) » Table[{emm, Evaluate@concTable}, {emm, .05, 6.5, 0.005}]

>3

csvfilename[name_, § , emc_] :=

name <> ToString@IntegerPart[100 £] <>"-" <> ToString@IntegerPart[10 emc] <>".csv"
KeyValueMap [
(emc = #1; Export[csvfilename["fluctuations-", &, emc], asCva‘ist@nZ]) &,
aFluctuations]
plotOpts := {PlotLabel » StringForm["§ = *°, enc = ~"B7%, ", €, emc, b3label[]],

PlotLegends - LineLegend|[lcout; LegendLabel » "coue (nm~3) "],
AxeslLabel » {"emm (B—l) u, "(I‘4)/(r‘2>2—1"}} H
KeyValueMap|[ (emc = #1; PrintelListLinePlot[asPlotListen2, EvaluateeplotOpts]) &,

aFluctuati ons]

m [sospheric point

In[61]:=

gMinDiff[ecx1l_, ecx2_, v§_, ves_] :=
N[(r /. gMin[vcs, v§, emm, ecxl, eco] [[2]]) - (r /. gMin[vcs, VE, emm, ecx2, eco] [[2]])]

ne7s- emm = 0.4 p71 5

In[977]:

eco = 0.1p57%;
ecxPairs = {{0.1, 0.5}, {0.1, 0.7}, {0.1, 0.9}, {0.3, 0.5},
(0.3, 0.7}, {0.3, 0.9}, {0.3, 1.0}, {0.3, 1.1}, {0.3, 1.2}, {0.3, 1.3}};
csEstimations = <|0.10 » 1.37, 0.09 > 1.18 , 0.08 » 1.02, 0.07 -» 0.88, 0.06 » 0.69,
0.05-»0.60, 0.04 > 0.47, 0.03 > 0.35, 0.02->» 0.23, 0.01 > 0.11, 0.005-> 0.06]|>;

tiso =
Table[{vE, Table[{ecxPair, vcs /. FindRoot[gMinDiff[ecxPair[[1]], ecxPair[[2]],
vE, vcs], {vcs, csEstimations[vE]}, AccuracyGoal - 3,
PrecisionGoal -» 3, MaxIterations -» 5, Evaluated -» False]},
{ecxPair, ecxPairs}]}, {v€, Keys@csEstimations}] ;

tiso0 = Append[t, {0.0, {#1[[1]], 0.0} &/@tiso[[1]]1[[2]1]1}] ;
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ne7e- ListLinePlot[asPlotList[tiso][[1 ;; 611,
AxesLabel » {"€", "ciso (nm3)"} , PlotLegends -
LineLegend [Str'ingForm["‘ T, UM, H1[[1]], #1[[2]]] &/@ecxPairs[[13; 6]1],
LegendLabel » "ecx,15 €cx,2 (B7')"], PlotRange » {0., 1.5}, ImageSize - Medium]

Ciso (nm—S)
14F
1.2; €cx,1y Ecx,2 (3_1)
r — 0.1,0.5
o 0.1,0.7
Out[573]= 0'85 — 0.1,0.9
06 — 0.3,0.5
oal — 0.3,0.7
I — 0.3,0.9
02f

P E S S RS
0.02 0.04 0.06 0.08 0.10

neze- ListLinePlot[asPlotList[tiso] [[6 ;; -111,
AxesLabel » {"g", "ciso (nm~3)"} , PlotLegends -
L'ineLegend[Str'ingForm["‘ t, UM, #1[[1]]1, #1[[2]]1] & /@ecxPairs[[6 ;; -1]11,
LegendLabel » "ecy,15 €cx,2 (B7')"], PlotRange » {0., 1.5}, ImageSize - Medium]

Ciso (nm73)
14F
12F
[ €cx,15 €cx,2 (3_1)
1.0k 0.3,0.9
[ 0.3, 1.
Out[978]= 0.8 03. 1.1
osr — 03,12
0,45 — 0.3,1.3
02}
n 1 n n n 1 n n n 1 n n n 1 n n n 1 §
0.02 0.04 0.06 0.08 0.10

ns71- Export["isospheric.csv'", asCsvList[tiso0]] ;

m Donnan potential

In[936]:= €Emm = 0.4 3
lecx = {0.1, 0.3, 0.5, 0.7, 0.9}
£=0.00;
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inisea;- ClearAll[uco, ucx]
uco[r_, ncx_, nco_, €co_] :=
uco[r, ncx, nco, eco] =2byccc[r, ncx +nco] + 2evalB2LI[ocx, €CO] C[F,y Nper] +

3 4
— bz c[r, Nper + NcX +Nco]?2+ — b, c[r, Nyer + NcX + Nco]3 + Log[c[r, nco]]
3

ucx[r_, ncx_, nco_, €cxX_] := ucx[r, ncx, nco, ecx] =
2byccc[r, ncx +nco] + 2 evalB2LI[ocx, €CX] C[F, Nper] +

3 4
—bsc[r, Nper + NCX +NCO]2% + — by C[r, Nper + Ncx + Nco]® + Log[c[r, ncx]]
2 3

donnan[cs_, §&_, emm_, ecx_, €eco_] :=

1
¥ — (ucx[r, ncx, nco, ecx] - uco[r, Ncx, Nco, €co]) /. NCX - NCO + Npe, § /.
2

gMin[cs, £, emm, ecx, eco] [[2]]
donnancx[cs_, § , emm_, ecXx_, €co_] :=
¥ (ucX[r, ncX, Nnco, €cX] - Hout [CS]) /. NCX = NCO + Nper € /.«
gMin[cs, £, emm, ecx, eco] [[2]]

nie39y- tdonnan = Table[Table[{vcs, 1000 donnan[vcs, §, €un, VECX, Ecol },
{vcs, Union[Table[vcs, {vcs, 0.01, 0.2, 0.01}],
Table[vcs, {vcs, 0.2, 1.5, 0.02}]]}], {vecx, lecx}
13
tdonnancx =
Table[Table[{vcs, 1000 donnancx[vCcS, £, €mms VECX, €c0]}, {VCS, Union[Table[vcs,
{vcs, 0.01, 0.2, 0.01}], Table[vcs, {vcs, 0.2, 1.5, 0.02}]1}], {vecx, lecx}
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In[979]:= L'istL'ineP'Lot[tdonnan, PlotLabel » StringForm["Donnan potential, § = " '", &1,
AxesLabel » {"coue (nm3)", "¢ (mV)"},
PlotLegends - LineLegend|[lecx, LegendLabel » "e, (B™*) "], ImageSize - Medium]
L'istL'inePlot[tdonnancx, PlotLabel - StringForm["Donnan potential, & = " '", &],
AxesLabel » {"cout (Nm3)", "¢ (mV)"} ,
PlotLegends - LineLegend|[lecx, LegendLabel » "e, (8™*) "], ImageSize - Medium]

Donnan potential, ¢ = 0.05

¢ (mV)
S S S S S S S S S S EN S SO RS cout(nmis)
r 0.2 0.4 0.6 0.8 1.0 1.2 1.4
r ex(B™)
-101 0.1
L 0.3
Out[979]= _.
) o 0.5
I — 0.7
-30
L — 0.9
_40
Donnan potential, £ = 0.05
¢ (mV)
s P S N S E S S Y Cout(nm_S)
0.2 0.4 0.6 0.8 1.0 1.2 1.4
ex(B7)
0.1
0.3
Out[980]= _.
) 0.5
— 0.7
— 0.9

noiz}- asCsvList[1l_] :=
Prepend [NumberForm[#1[[2]], 4] &/@#1, #1[[1]][[1]]] &/@Transpose[l]
Export[csvfilename["donnan", £], asCsvList[tdonnan]]



