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Abstract
Chlorophyll (Chl), a natural pigment with broad applications in food systems, faces challenges due to its instability under light exposure. This study explores

the relationship between solvent polarity, charge transfer (CT) in Chl self-aggregation, and photostability enhancement. By adjusting ethanol/water ratios

(10–100% ethanol), environmental polarity was modulated to investigate its impact on CT dynamics using fluorescence spectroscopy, conductivity analysis,

and quantum chemistry calculations. Results demonstrated that higher solvent polarity significantly strengthened CT interactions between Chl molecules,

primarily mediated by porphyrin rings, while the hydrophobic phytyl tail influenced aggregate configurations and indirectly modulated CT pathways. Light

stability tests revealed that Chl retention in high-polarity solvents (10%–40% ethanol) surpassed low-polarity groups (60%–90% ethanol) by 213.04% and

302.61% on days 4 and 8, respectively, highlighting the critical role of CT-driven aggregation in mitigating photodegradation. Quantum calculations further

elucidated that phytyl tail removal altered CT efficiency depending on porphyrin spacing: in 'sandwich' dimers, phytyl absence enhanced CT, whereas in

'face-to-face' configurations, partial removal optimized electron redistribution. These findings underscore solvent polarity as a key regulator of CT-mediated

aggregation,  offering  a  mechanism  to  stabilize  Chl  through  non-covalent  interactions.  The  study  advances  the  understanding  of  Chl  aggregation

mechanisms and proposes physical strategies, such as electric-field-induced CT modulation, to enhance the stability of photosensitive natural pigments in

food processing and storage.
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 Introduction

As  a  natural  plant  product,  chlorophyll  (Chl)  has  continuously
attracted  the  attention  of  food  researchers  in  recent  years.  Among
all  the  naturally  occurring  pigments,  Chl  is  the  most  abundantly
distributed and is  one of  the most  popular  natural  colorants  in  the
food industry[1]. In light of the growing consumer demand for mini-
mally  altered  food  ingredients,  it  is  critical  to  innovate  processing
methodologies  that  safeguard  the  structural  integrity  of  Chl
throughout  food  production[2].  However,  few  studies  have  investi-
gated  Chl  as  a  food  nutrient  and  natural  colorant[3−5].  Fortunately,
there have been numerous studies on the photosynthetic, degrada-
tion, and antioxidant effects of Chl[6−8]. These studies provide a solid
theoretical  foundation  for  the  application  of  natural  Chl  in  food
nutrition and processing. Natural Chl is highly susceptible to degra-
dation  when  exposed  to  light,  thermal  energy,  and  acidic  condi-
tions,  with  photodegradation  being  the  most  significant  factor
contributing to its instability[9,10]. Chl self-aggregation was proved to
be  able  to  improve  its  own  stability,  with  natural  molecular  struc-
ture remaining[11]. However, the effect and principle of this aggrega-
tion to improve Chl photostability is not clear yet.

The Chl aggregation is dominated by non-covalent bonds, includ-
ing  electrostatic  interaction,  dispersion  attraction,  and  exchange
repulsion.  Current  research believes  that  the first  two are  the main
forces  promoting  Chl  monomers  to  attract  each  other  to  form
aggregates[12]. However, as the main pigment involved in photosyn-
thesis, the charge transfer (CT) function of Chl should be given more

attention in aggregation. The biomimetic application of chlorophyll
in photoelectric conversion provides valuable references[13,14]. More-
over, CT is directly related to light, the biggest factor influencing Chl
stability[12,15].  Therefore,  it  is  speculated  that  CT  is  likely  to  be
another  important  force  affecting  the  aggregation  process  of  Chl.
However, there are almost no studies on the role of CT in the stabil-
ity of Chl aggregates in food systems.

The aggregation of Chl in vitro is easily affected by the changes of
solvent  characteristics.  When  the  solvent  has  a  high  polarity,  it
enhances  the  aggregation  of  Chl  molecules[10].  The  change  in
solvent  polarity  is  related  to  its  permittivity.  In  the  context  of  Chl
aggregation  interactions,  CT  processes  appear  to  exhibit  the
strongest  correlation  with  solvent  permittivity[16].  The  change  in
solvent polarity is related to its dielectric constant. Among the inter-
actions  of  Chl  aggregation,  CT  is  most  likely  closely  related  to  the
dielectric constant of the solvent. Moreover, the occurrence of CT is
most  likely  related  to  the  chromophore  of  the  molecule,  which  is
related to the color stability of Chl.  Therefore, further exploration is
necessary to understand the induction mechanism of CT interaction
through solvent polarity adjustment and its impact on Chl aggrega-
tion.

Meanwhile,  Chl  aggregation  caused  by  the  change  of  solvent
polarity was probably related to the polarity of Chl's own fragment.
Chl has a hydrophilic porphyrin ring head and a hydrophobic phytyl
tail[6].  The  phenomenon  that  strong  solvent  polarity  promoted  the
aggregation implied that the interaction of Chl hydrophobic groups
was  more  conducive  to  the  formation  of  aggregates  than  the
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interaction  of  hydrophilic  groups.  This  was  consistent  with  the  Chl
dimer  structure  in  the  previous  study.  The  two  phytyl  tails  were
sandwiched  between  two  porphyrin  rings[11].  Based  on  the  above
analysis, the impact of phytyl tail on CT during chlorophyll aggrega-
tion deserves further exploration.

In prior research,  through a comparative analysis  of  atomic force
microscopy images of Chl with a structural model of Chl aggregates
optimized  via  quantum  chemical  calculations,  it  was  established
that  Chl  dimers  constitute  a  prevalent  aggregate  form  in  Chl
solutions[12]. Meanwhile, since the dimer is the smallest aggregation
structural  unit,  it  was  selected  as  the  model  for  the  aggregation
study. On the other hand, the fluorescence spectroscopic analysis of
Chl aggregates has also demonstrated that the structural difference
between  Chl a and  Chl b has  a  negligible  effect  on  Chl
aggregation[12].  Therefore,  in  this  study,  Chl a,  which  is  more  dis-
tributed in fruits, vegetables, and algae than Chl b,  was used as the
target molecule, and its dimer was used as the research model[12].

In this research, water-ethanol was selected as the solvent of Chl.
The self-aggregation of  Chl  was  induced by  regulating the  polarity
of the solvent. The relationship among solvent polarity, Chl stability
and CT was discussed. Through quantum chemistry calculations, an
attempt  was  made  to  explain  the  change  in  CT  caused  by  the
solvent  polarity  change  and  the  mechanism  by  which  Chl  self-
aggregation improved stability.  Meanwhile,  the effect  of  phytyl  tail
on CT in Chl aggregate had also been explored. It is hoped that the
results  can  expand  ideas  for  improving  the  stability  of  Chl  during
food  processing  and  storage.  It  is  hoped  that  contributions  can  be
made  to  improving  the  stability  of  photosensitive  natural  food
ingredients  and  expanding  the  application  of  physical  technology
for the protection of food ingredients.

 Materials and methods

 Experimental materials
The Chl used in this study had a purity of 86.6%. Additionally, the

neutral  alumina,  ethanol,  petroleum  ether,  acetone,  and  n-butanol
were  acquired  from  Sinopharm  Chemical  Reagent  Co.,  Ltd  (Shang-
hai, China.). All reagents were of analytical grade. The chromatogra-
phy column used for Chl separation and purification was purchased from
Shanghai Suke Industrial Co., Ltd (Shanghai, China).

 Quantum chemistry calculations and wave function
analysis

The  geometric  optimization  of  molecular  structure,  single-point
energy calculation, and excited state calculation were all realized by
Gaussian  16  (A.03)[17].  Density  functional  theory  (DFT)  and  time-
dependent  density  functional  theory  (TD-DFT)  methods  were
applied  in  this  research.  The  geometric  optimization  was  realized
by using the B3LYP-D3 (BJ)  function combined with the 6-311G (d,
p)  basis  set[18,19].  The  SMD  solvent  model  was  used.  The eps corre-
sponding  to  10%,  20%,  30%,  40%,  50%,  60%,  70%,  80%,  90%,  and
100%  ethanol  solutions  were  73.1,  67.7,  62.3,  56.9,  51.5,  46.1,  40.7,
35.3,  29.9,  and  24.5,  respectively.  The epsinf took  the  square  of  the
refractive  index  as  an  approximate  value,  which  were  1.77715561,
1.78543044,  1.79372449,  1.80203776,  1.81037025,  1.81872196,
1.82709289,  1.83548304,  1.84389241,  and  1.852321.  There  was  no
virtual  frequency  in  the  optimized  structures.  Single  point  energy
calculations were realized by using M06-2X function combined with
6-311G  (2d,  p)  basis  set[20].  Excited  state  calculations  were  realized
by  the  CAM-B3LYP-D3(BJ)  function  combined  with  6-311G  (d,  p)
basis  set[21].  Inter-fragment  charge  transfer  (IFCT)  analysis  and
hole-electron  analysis  were  performed  by  Multiwfn  3.8[22].  Visual
Molecular  Dynamics  (VMD)  software  was  used  to  draw  the  mole-
cular structure model and its isosurface map.

 Extraction and purification of Chl
The  spinach  used  in  the  experiment  was  purchased  from  the

vegetable market of PR China Agricultural University. The stems and
veins  of  fresh  spinach  were  removed,  and  200  g  of  them  was  put
into  a  homogenizer.  Then  600  mL  of  absolute  ethanol-petroleum
ether (v:v = 1:2) was added to the homogenizer, and the sample was
homogenized  to  a  uniform  liquid.  After  homogenization,  the
samples  were  frozen  and  centrifuged  at  4  °C  and  8,000  ×  g  for  10
min. The supernatant was then collected and filtered under suction.
The resulting sample was transferred to a separatory funnel, and an
equal  volume  of  water  was  added.  After  shaking,  the  mixture  was
allowed  to  stand  for  liquid  separation.  The  lower  water  phase  was
removed,  while  the  upper  oil  phase  was  retained.  This  step  was
repeated twice. The sample was then dried with anhydrous sodium
sulfate  and  filtered.  It  was  rotary  evaporated  at  36  °C  to  obtain  a
crude chlorophyll extract. The crude Chl extract was passed through
a  chromatography  column  with  neutral  alumina.  Petroleum  ether-
acetone  (v:v  =  9:1),  petroleum  ether-acetone  (v:v  =  7:3),  and  n-
butanol-ethanol-water  (v:v:v  =  3:1:1)  were  used  sequentially  as
eluents,  and  carotene,  lutein  and  Chl  were  eluted.  The  eluted  Chl
fraction, with a purity of 86.6%, was collected and stored for subse-
quent use.

 Determination of Chl content
The determination of  Chl  content was referred to the method of

Aktas & Yildiz  with minor modifications[23].  After  diluting,  200 μL of
sample  was  added  to  a  96-well  plate,  and  the  absorbances  at  645
and  663  nm  were  measured  with  a  microplate  reader  (SpectraMax
iD5,  Molecular  Devices,  USA).  All  experiments  were  performed
under  shading.  The  contents  of  Chl  were  calculated  by  the  follow-
ing formula:

Chl a concentration (mg/L) : Ca = 12.71×A663−2.59×A645 (1)

Chl b concentration (mg/L) : Cb = 22.88×A645−4.67×A663 (2)

Chl concentration (mg/L) : C = Ca+Cb = 8.04×A663+20.29×A645 (3)

 Sample preparation
Ethanol-water  solutions  were  prepared  with  a  Chl  concentration

of  83.90  mg/L  for  ten  groups.  The  proportions  of  ethanol  in  each
group  were  10%,  20%,  30%,  40%,  50%,  60%,  70%,  80%,  90%,  and
100  %,  respectively.  The  samples  were  maintained  under  continu-
ous  light  exposure  at  room  temperature  for  8  d.  Illumination
processing  was  realized  by  32  W  LED  lights  with  a  color  tempera-
ture  of  6,000  to  6,500  k.  The  color  change  of  the  Chl  samples  was
recorded.

 Determination of fluorescence spectrum
The  fluorescence  measurement  of  the  Chl  solution  was  carried

out  with  a  microplate  reader  (SpectraMax  iD5,  Molecular  Devices,
USA).  The  measurement  was  referred  to  the  method  of  Merzlyak,
Melø and Naqvi with some modifications[24]. The fluorescence emis-
sion spectrum between 550 and 850 nm was measured with excitat-
ing  at  393  nm.  All  measurements  were  performed  using  96-well
plates at room temperature. The slit width of the microplate reader
was 20 nm.

 Determination of conductivity
A  conductivity  meter  (FE30,  METTLER  TOLEDO,  Switzerland)  was

used  to  measure  the  conductivity  of  the  sample.  A  solution  with
0.01 mol/L KCl was used as the calibration solution. After calibration,
the  electrode  was  put  into  the  sample,  and  measurement  was
performed. The conductivity value on the display was recorded.

 Statistical analysis
The  experimental  data  was  expressed  as  'average  ±  standard

deviation',  and  the  analysis  of  variance  (ANOVA)  of  SPSS  statistics
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21  was  used  to  analyze  the  significance  of  the  experimental  data.
The  significance  level p was  0.05,  and p <  0.05  indicated  that  the
difference was significant. Origin 2018 was used for drawing graphs.

 Results and discussion

 The effect of solvent polarity on CT in Chl aggregates
The three factors that may affect CT in Chl aggregates include CT

media,  molecular  groups,  and  the  distance  between  donor  and
acceptor.  Among  them,  studies  have  shown  that  CT  was  signifi-
cantly affected by the distance between the donor and acceptor[25].
As the distance increases, its strength will  diminish. However, there
were still few studies on the relationship among CT media, molecu-
lar fragments and CT strength.

The  previous  research  confirmed  that  the  Chl  'sandwich'  dimer
was a stable aggregate configuration[11,12]. Therefore, the 'sandwich'
dimer  was  employed  in  a  vacuum  as  a  model  to  investigate  the
impact of the phytyl tail on charge transfer without the influence of
a  solvent.  This  'sandwich'  dimer  in  vacuum  had  a  HOMO-LUMO
orbital  with  significant  CT  characteristics,  as  shown  in Supplemen-
tary  Fig.  S1.  The  presence  or  absence  of  phytyl  tail  had  no  signifi-
cant  effect  on  the  CT  characteristics  of  the  dimer’s  HOMO-LUMO
orbital.  Therefore,  the  dimer  model,  which  is  easy  to  study  the  CT
interaction between porphyrin  rings,  is  more suitable  for  exploring
the relationship between CT interaction and Chl aggregation in this
study. After optimization by ab initio molecular dynamics, the 'face-
to-face'  dimer  configuration  of  Chl  was  obtained,  with  the  phytyl
tails oriented outward (Fig. 1). This was done to minimize the impact
of the phytyl tails on the configuration and allow for better control
of the variable related to the phytyl tails. This approach was benefi-
cial  in  exploring  the  correlation  between  solvent  changes  and  CT.
Meanwhile, it  was pointed out that the Chl 'face-to-face' dimer was
also  a  stable  Chl  aggregate  configuration[11,12].  The  selected  frag-
ments  of  the  model  are  shown  in  (Fig.  1)  .  Fragments  1  and  3  are
porphyrin rings, while fragments 2 and 4 are phytyl tails.

As  a  kind  of  thought  experiment,  under  the  condition  that  the
configuration of the Chl dimers remained exactly the same, only the
parameters of the solvent model were adjusted. The CT amounts of

different fragments in Chl dimer in ethanol with different concentra-
tions were obtained, as shown in Table 1. Different ethanol concen-
trations  represented  different  polarities.  When  the  proportion  of
ethanol  was 10%, the polarity  was the strongest,  while the polarity
was the weakest when the ethanol proportion was 100%. The frag-
ments  1  and  2  were  situated  on  one  Chl  molecule,  while  the  frag-
ments 3 and 4 were located on another. The degree of CT between
the two porphyrin rings underwent significant changes as the polar-
ity  of  the  solvent  varied.  The  levels  of  CT  between  the  other  frag-
ments  remained  relatively  low  or  even  non-existent  and  did  not
change with the variation in solvent polarity. As a result, the overall
level  of  CT  in  the  Chl  dimer  also  fluctuated  with  shifts  in  solvent
polarity.  Both  the  CT  between  the  porphyrin  rings  and  within  the
entire dimer exhibited a tendency to increase as the solvent polarity
increased.  High-polarity  solvents  possess  enhanced  molecular
dipole  moments,  enabling  effective  stabilization  of  charge-sepa-
rated  states  through  solvation  effects.  During  charge  transfer  pro-
cesses,  these  solvent  molecules  facilitate  the  stabilization  of  the
resulting  ion  pairs,  thereby  reducing  the  system's  overall  free
energy.  Furthermore,  high-polarity  solvents  typically  exhibit
elevated  dielectric  constants  (ε),  which  substantially  attenuate
Coulombic  interactions  between  ionic  species.  As  described  by
Coulomb's  law  (F  =  k(q1q2)/εr2),  the  increased  dielectric  constant
diminishes interionic repulsive forces, thus promoting charge trans-
fer efficiency. Moreover, high-polarity solvents demonstrate intensi-
fied  intermolecular  interactions,  including  hydrogen  bonding  and
dipole-dipole interactions, which collectively contribute to the stabi-
lization of the transition state in charge transfer complexes.

To further clarify the correlation between solvent polarity and the
CT  in  dimer,  a  correlation  analysis  was  performed  on  the  data  in
Table  1,  as  shown in Supplementary  Table  S1.  The total  level  of  CT
between fragments 1 and 3 was notably dependent on the polarity
of  the  solvent.  A  higher  solvent  polarity  corresponded to  a  greater
amount  of  CT.  Furthermore,  the  level  of  charge  transfer  between
fragments  1  and 3  was  highly  correlated with  the overall  CT  in  the
dimer. The correlation coefficient was 1, indicating that almost all of
the  CT  in  Chl  dimer  was  provided  by  fragments  1  and  3.  This  is
consistent  with  the  existing  conclusion  that  the  porphyrin  ring
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Fragment 1 (Red): Porphyrin ring, atom serial numbers are 1–45, 66–98;
Fragment 2 (Green): Phytyl tail, atom serial numbers are 46–65, 99–137;

Fragment 3 (Blue): Porphyrin ring, atom serial numbers are 138–182, 203–235;
Fragment 4 (Yellow): Phytyl tail, atom serial numbers are 183–202, 236–274.

Fig. 1    (a) Structure of Chl a and (b) selected fragments of Chl 'face-to-face' dimer.
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structure  of  Chl  enables  it  to  efficiently  harvest  light  and  transfer
electrons in photosynthesis[26].  The porphyrin ring has the ability to
transfer  charges  due  to  its  highly  conjugated  structure,  while  the
phytyl  chain  does  not  have  this  ability.  The  experimental  results
unequivocally  demonstrated  that  solvent  polarity  exerted  a  signifi-
cant influence on CT interactions, with strongly polar solvents being
particularly conducive to the formation of robust CT complexes.

To further substantiate the correlation between increased solvent
polarity and heightened CT interaction, fluorescence detection was
conducted  on  Chl  samples  in  various  polar  solvents,  as  depicted
in Fig.  2a.  This  observation  suggests  that  as  the  solvent  polarity
heightened,  there  was  a  corresponding  increase  in  fluorescence
quenching.  This  quenching  meant  that  there  was  aggregation
between Chl molecules[27]. It also shows that strong polarity induced
Chl  aggregation[10].  The  fluorescence  quenching  produced  a  sharp
increase  in  the  range  of  50%~70%  ethanol  proportion,  which  was
similar  to  the  result  of  Yasuda[10].  This  indicates  that  there  was  a
critical threshold of solvent polarity at which the aggregation of Chl
was  notably  enhanced  within  this  range.  It  appears  that  the  CT
phenomenon was accompanied by Chl aggregation, which suggests
that  the  polar  solvent  enhanced the  CT of  the  system while  induc-
ing  Chl  aggregation[28].  It  is  worth  mentioning  that  in  Yasuda’s
research, water was added to the ethanol solution of Chl to prepare
Chl  solutions  with  different  ethanol  concentrations[10].  In  this
scenario,  the  hydrophobic  nature  of  Chl  means  that  the  introduc-
tion  of  water  into  the  ethanol  solution  will  promote  Chl  aggre-
gation.  As  a  result  of  varying  water  proportions  in  the  solvents,
different  Chl  aggregates  were formed.  Consequently,  three distinct
forms  of  Chl  were  identified  in  the  solvents  with  ethanol  propor-
tions ranging from 10% to 100% in their research. However, a simi-
lar phenomenon did not occur in this study, and the stability of Chl
in solvents with different ethanol  concentrations was also different
from  their  result.  The  reason  for  this  was  that  a  different  method
of  preparing  the  Chl  solution  was  attempted  in  order  to  bring
the  samples  into  states  more  similar  to  Chl  products.  In  the  food

industry,  the  agitation  during  transport  and  extended  storage  will
eventually  lead  to  the  formation  of  stable  Chl  aggregates  in  the
solvents,  thereby  diminishing  the  differences  in  Chl  aggregations
induced  by  the  variation  in  Chl  solubility  between  water  and
ethanol  at  the  initial  stage  of  processing.  The  weak  interaction
within Chl aggregates made them highly susceptible to depolymer-
ization, particularly due to agitation during transport. Consequently,
in this study, a small amount of high-concentration Chl ethanol solu-
tion  was  added  to  a  large  amount  of  ethanol-water  solvent  when
preparing  Chl  samples.  This  approach  aimed  to  ensure  that  Chl
aggregates  existed in  more uniform forms across  different  concen-
trations of ethanol solvents.

Figure 2b shows the conductivity of Chl samples in different polar
environments.  Overall,  conductivity  rises  with  increased  polarity.
The  conductivity  was  closely  linked  to  CT  and  essentially  mirrored
the  electron  transfer  process[29].  When  the  CT  interaction  is  more
active,  the conductivity  of  sample will  be higher.  Therefore, Fig.  2b
means  that  Chl  had  aggregated,  and  the  increase  in  conductivity
was  due  to  the  aggregation  of  Chl  induced  by  the  polar  environ-
ment, which enhanced the CT interaction.

 The effect of solvent polarity on stability of Chl
Although  the  previous  research  discussed  many  methods  to

enhance  Chl  stability  through  Chl  aggregation,  the  specific  forces
involved in microscopic interactions, especially the unique CT inter-
actions within Chl aggregates, were not further analyzed in relation
to  Chl  stability[11,12,30−32].  This  study  aimed  to  elucidate  the  factors
governing  the  strength  of  CT  interactions,  with  the  objective  of
leveraging CT regulation as a strategy to enhance Chl stability.  The
findings  demonstrate  that  increased  solvent  polarity  positively
correlates  with  the  enhancement  of  CT  interactions.  Furthermore,
we  systematically  investigated  the  relationship  between  solvent
polarity  and  Chl  stability,  providing  mechanistic  insights  into  this
stabilization  phenomenon.  Since  light  was  the  most  significant
factor  affecting  the  stability  of  Chl,  light  treatment  was  used  to

 

Table 1.    The amount of charge transfer between different fragments of Chl dimer in different concentrations of ethanol solvents.

Proportion of ethanol 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Net 1→2: 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003
Net 1→3: 0.95285 0.95251 0.9521 0.95158 0.95097 0.95015 0.94901 0.94746 0.9451 0.94029
Net 1→4: 0.00072 0.00072 0.00072 0.00072 0.00072 0.00072 0.00072 0.00072 0.00073 0.00072
Net 2→3: 0.00136 0.00136 0.00136 0.00136 0.00135 0.00135 0.00135 0.00135 0.00135 0.00135
Net 2→4: 0 0 0 0 0 0 0 0 0 0
Net 3→4: −0.00007 −0.00007 −0.00007 −0.00007 −0.00007 −0.00007 −0.00007 −0.00007 −0.00007 −0.00007
Total 0.95503 0.95469 0.95428 0.95376 0.95314 0.95232 0.95118 0.94963 0.94728 0.94246

Fragment  1:  porphyrin  ring,  atom  serial  numbers  are  1−45,  66−98;  2:  phytyl  tail,  atom  serial  numbers  are  46−65,  99−137;  3:  porphyrin  ring,  atom  serial  numbers  are
138−182, 203−235; 4: phytyl tail, atom serial numbers are 183−202, 236−274.
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interfere with the stability of Chl[12]. As shown in Fig. 3a, it is revealed
that  the  color  of  the  samples  remained  better  in  ethanol  solvents
with a proportion of 10%−50%, while the green color in 60%−100%
ethanol  solvents  noticeably  faded,  particularly  in  the  70%−90%
range. This suggests that in a highly polar environment, the interac-
tion of CT was stronger, leading to better stability of Chl.

Corresponding  to Fig.  3a,  the  Chl  content  was  measured,  as
shown in Fig. 3b. The relative trend of the decrease of Chl content in
each group of  samples  remained the same on 4  d  and 8  d.  On the
whole, the samples were divided into 3 categories according to the
degradation  rate:  ethanol  proportion  was  between  10%~40%:  the
solvent  was  more  polar,  and  the  Chl  stability  was  stronger,  which
was  consistent  with  previous  studies[10,33];  ethanol  proportion  was
50%  or  100%:  Chl  stability  transition  zone;  ethanol  proportion  was
between  60%~90%:  the  solvent  polarity  was  weak  and  the  Chl
stability was poor. Among the findings, on the fourth day, Chl exhib-
ited  the  strongest  stability  in  20% ethanol,  with  a  retention rate  of
88.03%, while on the eighth day, Chl showed the strongest stability
in 30% ethanol,  with a retention rate of 69.51%. Conversely, on the
fourth  day,  Chl  demonstrated  the  worst  stability  in  70%  ethanol,
with a retention rate of 41.32%, and on the eighth day, Chl showed
the worst  stability  in  80% ethanol,  with  a  retention rate  of  22.97%.
Specifically,  Chl  retention  in  the  high-polarity  treatment  group
showed  a  substantial  increase,  reaching  213.04%  and  302.61%  of
the  low-polarity  group  values  on  day  four  and  day  eight,  respec-
tively.  Thus,  a  higher-polarity  solvent  environment  was  found  to
promote  Chl  stability.  These  results  indicate  a  positive  correlation
between  CT  interaction  strength  and  Chl  stability.  However,  the

underlying  mechanism  of  Chl  stabilization  was  not  directly
attributed to  solvent  polarity  effects  but  rather  to  the formation of
Chl  molecular  aggregates.  Consequently,  the  stability  analysis
presented in this study fundamentally relies on the established role
of Chl aggregation as the primary stabilizing factor.

 The effect of phytyl tail on CT
Although previous studies have established that CT in Chl dimers

primarily occurs between porphyrin rings, with negligible contribu-
tion  from  the  phytyl  tail,  the  steric  and  hydrophobic  effects  of  this
moiety nevertheless constitute a non-negligible factor in stabilizing
Chl  aggregates.  Beyond  solvent  polarity  considerations,  the  phytyl
chain  represents  the  most  probable  secondary  modulator  of  CT
characteristics. This structural component warrants particular atten-
tion, as it plays a decisive role in accounting for the fine variations in
CT interactions observed among different Chl aggregate configura-
tions.  In  addition,  the  phytyl  tail  was  an  important  fragment  other
than  the  porphyrin  ring  of  Chl,  playing  an  important  role  in  the
interaction  between  Chl  and  protein  and  other  macromolecules  in
plants[9,34,35].  Therefore,  it  was  necessary  to  explain  the  influence
of  phytyl  on  CT.  As  distance  is  one  of  the  primary  factors  affecting
CT  interaction,  two  Chl  dimer  models  with  varying  porphyrin  ring
spacings were chosen to investigate the effect of  the phytyl  tail  on
CT,  as  shown  in Fig.  4. Figure  4a to c are  the  HOMO-LUMO  orbital
diagrams after removing the phytyl in turn, based on the configura-
tion  of  Chl  'sandwich'  dimer  in  ethanol.  The  HOMO-LUMO  orbitals
showed obvious CT characteristics.  The alterations in the electronic
motion regions observed in the HOMO-LUMO orbitals were deemed
to provide  a  good approximation for  reactivity.  This  shows that  CT
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interaction was easy to obtain in the models with the configuration
of the Chl 'sandwich' dimer series. The change of the HOMO-LUMO
orbitals  can  be  used  to  study  the  change  of  the  most  easily  avail-
able CT interaction in the aggregate. The presence or absence of the
phytyl  tail  had  no  obvious  influence  on  the  overall  HOMO-LUMO
orbital distribution in the Chl 'sandwich' dimer. In Fig. 4d−f, models
of  Chl  'face-to-face'  dimers  with  relatively  closer  porphyrin  ring
spacing  were  used.  The  absence  of  the  phytyl  group  led  to  signifi-
cant changes in the HOMO-LUMO orbitals  of  the Chl  dimer,  reveal-
ing more pronounced CT characteristics.

To  quantify  the  effect  of  phytyl  on  CT  more  accurately,  the  IFCT
analysis  of  the  CT  was  carried  out.  Before  IFCT  analysis,  an  excited
state  that  can  reflect  the  characteristics  of  the  CT  of  the  HOMO-
LUMO orbital  must be selected first  so as to conduct a comparison
within  the  groups.  The  screening  results  are  shown  inSupplemen-
tary  Table  S2,  and  the  first  five  excited  states  of  the  six  configura-
tions  were  used  as  the  screening  range.  When  the  Chl  'sandwich'
series  reached  S5,  the  hole-electron  contribution  in  the  HOMO-
LUMO  orbital  was  the  most  prominent,  which  means  that  the  CT
interaction of  S5 was the most obvious.  When the Chl  'face-to-face'
series  reached  S3,  the  effect  of  CT  in  the  HOMO-LUMO  orbital  was
the most obvious. Therefore, in the next step of the study, S5 of the
Chl 'sandwich' series and S3 of the Chl 'face-to-face' series were used
as models to study the impact of the phytyl on CT.

As shown in Fig. 4, as the phytyl tails were gradually removed, the
CT amount of Chl 'sandwich' dimer increased, while the CT amount
increased  first  and  then  decreased  in  Chl  'face-to-face'  dimer.  The
alterations in  CT resulting from the removal  of  the phytyl  tails  fully
illustrate  the  impact  of  phytyl  on  the  CT  interaction  within  the  Chl
aggregates. Table  2 shows  the  amount  of  charge  movement
between phytyl tails and porphyrin rings in different configurations,
also  showing  that  phytyl  tails  affected  the  CT  between  porphyrin
rings.  It  should  be  noted  that  the  CT  occurring  in  the  Chl  dimer
primarily  involves  the  transfer  of  charges  between  individual
monomer  molecules.  In  contrast,  the  transfer  of  charges  between
the phytyl tail and the porphyrin ring within a single molecule repre-
sents a local excitation, which does not currently enable intermolec-
ular  charge  transfer.  Under  these  circumstances,  the  phytyl  group
disrupts the charge transfer interaction between the porphyrin rings
of  the  two  molecules  by  inducing  a  charge  movement  within  the
porphyrin  ring.  This  mechanism  facilitates  the  manifestation  of  the
impact  of  the  phytyl  tail  on  charge  transfer.  The  total  amount  of
charge transfer in Table 2 is very similar to the change of the charge
transfer  amount  shown  in Fig.  4,  which  is  consistent  with  the
described above. This indicates that the primary factor contributing
to the variation in the strength of charge transfer interactions within
the aggregates was the alteration in the charge transfer capability of
the  aggregates  themselves  resulting  from  a  configuration  change,
which in turn arose from the removal of phytyl tails.

Combining Fig. 4 and Table 2, it was analyzed that the phytyl tail
interfered  with  the  CT  in  the  Chl  dimer.  When  the  porphyrin  rings
were  far  apart  from  each  other,  the  presence  of  the  phytyl  tail
hindered  the  charge  transfer.  On  the  other  hand,  when  the
porphyrin rings were in close proximity, the phytyl moiety restricted
a  portion  of  the  charge  on  the  outer  surface  of  the  porphyrin
ring  due  to  its  involvement  in  the  charge  transfer  between  the

fragments.  Therefore,  the amount of  charge transfer  of Fig.  4d was
less  than that  of Fig.  4f.  However,  when there  was  only  one phytyl
tail as in Fig. 4e, when the electrons released by the monomer with-
out  phytyl  tail  and  move  away  from  porphyrin  rings,  part  of  them
were  tending  to  be  attracted  by  the  phytyl  on  the  opposite
monomer  due  to  the  attraction  of  phytyl  to  charge.  Consequently,
the  electrons  located  at  a  distance  from  the  porphyrin  ring  exhib-
ited  a  propensity  to  migrate  towards  the  adjacent  porphyrin  ring,
thereby  reinforcing  the  charge  transfer  between  the  porphyrin
rings, as shown in Fig. 4e.

 Conclusions

This  study conducted an analysis  of  the factors  influencing CT in
Chl  aggregates  and  their  relationship  with  aggregate  stability.  The
study  demonstrated  that  solvent  polarity  was  a  significant  factor
influencing charge transfer, with a stronger solvent polarity leading
to a more robust charge transfer interaction. In a polar environment,
the  stability  of  Chl  was  notably  enhanced,  reaching  a  relatively
stable  state  with  a  high  level  of  stability  in  a  solution  containing
10−40%  ethanol.  On  the  fourth  and  eighth  day  under  light  treat-
ment, the Chl retention in the high polarity group reached 213.04%
and  302.61%  of  the  low  polarity  group,  respectively.  During  Chl
aggregation, the influence of different solvent polarities led to vary-
ing strengths of CT interactions between the Chl molecules, thereby
promoting the formation of stable aggregates with diverse configu-
rations.  In  addition to  solvent  polarity,  phytyl  was  also  a  key  factor
affecting  the  CT  of  Chl  aggregates.  Its  influence  on  the  configura-
tion of  Chl  aggregates  led to  changes in  the charge transfer  of  the
aggregates.  Once  the  aggregate  configuration  was  stabilized,  the
phytyl  tails  continued  to  be  involved  in  the  modulation  of  the
charge transfer interactions between the porphyrin rings. In general,
the higher polar environment was conducive to the use of stronger
CT  interaction  to  promote  the  Chl  aggregation  to  make  Chl  more
stable. Compared with vdW forces and electrostatic forces, CT inter-
actions  have more unique characteristics  and are  more likely  to  be
artificially  regulated.  The  results  of  this  study  mean  that  in  the
future,  it  may  be  possible  to  induce  Chl  aggregation  through  the
regulation  of  CT  by  electric  or  magnetic  fields,  thereby  improving
Chl  stability.  This  will  open  new  avenues  for  the  development  of
more physical methods to protect the stability of natural pigments.
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